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INTRODUCTION

As we transition to sustainable energy, efficient and safe storage systems
become crucial. Aqueous sodium-ion batteries stand out as a promising
alternative to traditional lithium-ion batteries for several reasons. Firstly, they
use water-based electrolytes, which significantly enhance safety by reducing
the risk of fire and explosion. Secondly, their raw materials, such as sodium,
are abundant and inexpensive, lowering production costs and addressing
resource scarcity concerns. Their environmental impact is also lower,
avoiding the use of toxic and hazardous materials. Moreover, the unique
chemistry of aqueous batteries offers high power density and long cycle life,
making them ideal for a wide range of energy storage applications. Overall,
aqueous sodium-ion batteries provide an affordable, safe, and
environmentally friendly alternative for stationary energy storage.

NASICON (Na Superlonic CONductor) materials are a class of electrode
materials known for their high ionic conductivity and structural stability. They
have a unique three-dimensional framework structure that allows for efficient
sodium ion transport, making them ideal for use in sodium-ion batteries. These
materials, however, face several challenges among which poor electronic
conductivity and inferior stability in aqueous media.

The main goal of this work is to design, prepare, characterize, and
optimize active components for aqueous sodium-ion batteries. Specifically,
the active components are defined as the composite electrodes containing
NASICON-structured materials such as NaTiy(PO4); and Na,VTi(POs)3, and
electrolyte solutions based on aqueous simple salt systems. The optimization
process is defined as the relevant preparation, formation, and modification
steps necessary for the best electrochemical performance of these components
in aqueous sodium-ion batteries.

The specific objectives of this work are as follows:

1. Develop and optimize preparation methods for composite
NaTix(PO4); electrodes in aqueous sodium-ion batteries, including carbon
coating, slurry formulation, and electrode fabrication. Evaluate the influence
of preparation processes on structural, morphological, and electrochemical
properties.

2. Develop and optimize electrolyte solutions for aqueous sodium-ion
batteries, using organic co-solvents and active additives to improve their
stability and performance. Analyze these electrolytes using physico-chemical,
spectroscopic, and electrochemical methods.

3. Identify, prepare, and characterize alternative polymeric binders with
enhanced hydrophilicity for aqueous sodium-ion battery composite
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electrodes. Evaluate their properties within the composite electrodes using
physico-chemical and electrochemical methods.

The novelty of this work stems from the first focused attempt to investigate
the influence of active battery components beyond the active material itself on
the performance of aqueous sodium-ion batteries and the methods to optimize
them. There is a very limited number of prior studies on these topics as most
of the studies are primarily focused on the search and characterization of new
electrode active phases. Moreover, most of the other studies of active battery
components focused on organic-based electrolyte systems.

The statements for the defence are as follows:

1. The charge capacity and cycling stability of NaTi,(PO4)s electrodes
strongly depends on the active material particle carbon coating. Citric acid
coating quality outperforms glucose due to differences in graphitization
temperature. Polydopamine-derived coatings offer the most uniform and
reproducible results, requiring only half of the carbon loading as that of citric
acid pyrolysis to show similar capacity retention.

2. The optimal carbon black content in lab-scale NaTi,(POs); electrodes
is found to be 20 wt%. Hydraulic pressing at 6 t improves tap density and
reduces porosity, enhancing electrochemical performance. A mixing protocol
of 1 h dry premixing followed by 2 h slurry mixing ensures optimal carbon
dispersion and electrode structure.

3. Self-discharge and pH increase in NaTi(POs); electrodes are mainly
caused by Ti**-catalyzed oxygen reduction and hydrogen evolution. Alkaline
conditions drive degradation, not through Ti dissolution but via formation of
a surface-blocking, Ti-rich interphase. Oxygen removal and pH buffering
improves capacity retention.

4.  Organic co-solvents like glycerol and DMSO reduce water activity by
altering hydrogen bonding, expanding the electrochemical stability window
and suppressing gas evolution. This improves self-discharge and capacity
retention. Full cells with NaTix(PO4)s—Na; ssFe[Fe(CN)s] - 2.28H,O benefit
from wider operating voltage window. Additionally, small amounts of
hydrazine successfully scavenge oxygen, enabling capacity-balanced
NaxVTi(PO4);—Na, VTi(POs); cells with enhanced capacity retention.

5. Electroactive polyimides like Kapton offer good electrode binding but
poor adhesion to metal foils, likely due to their own electrochemical activity.
PEVA ensures strong adhesion to stainless steel foil and good cycling
performance, making it the most promising binder for aqueous systems.
PVBA copolymer delivers great electrochemical performance, supports
higher mass loadings and use of less toxic solvents; however, does not provide
adhesion to metal foil current collector. PV A-acrylic acid copolymer shows
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good retention but swells in alkaline conditions; however, its water solubility
makes it the most eco-friendly option.

12



LITERATURE REVIEW
1.1. Current challenges

The rising consumption of fossil fuels, world’s primary energy source, and
subsequent CO; pollution have led to the escalation of multiple environmental
challenges associated with climate change to the point where urgent action is
required (Fig. 1)." In order to align with the Paris climate agreement goals of
future energy requirements, as well as the climate neutrality by 2050, the
development of renewable energy sources has become critical. Moreover, the
historic reliance on gas from certain regions has made consumers particularly
vulnerable to energy supply disruptions and price fluctuations.” Ongoing
energy crisis powered by catastrophic levels of pollution, post-pandemic
energy demand surge and geopolitical tensions have propelled the
developments in renewable energy technologies.* While wind and solar
turbines or solar panels offer green and safe energy, their intermittent nature
requires large-scale energy storage solutions for grid stability.

Electrochemical energy storage offers an attractive solution with several
advantages such as eco-friendly operation, high efficiency, versatile power
and energy capabilities, durability, and uncomplicated integration into the
existing grid infrastructure.” These attributes make electrochemical energy
storage a key component in the transition to sustainable energy systems,
capable of smoothing out the fluctuations in energy supply from renewable
sources and ensuring a reliable and steady power supply.

2.00x10° 4
<
E | 754105 1 Climate neutrality by 2050 agreement

. X T
@ i Climate emergency declared
0]
2 1.50x10° 1 Paris agreement adopted
= 1
%3 5 |
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c ]
Hg 1.00x10° United Framework Convention
Ee] 1 on Climate Change ———————
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g 5:00x107 greenhouse effect \
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Figure 1. Energy produced from fossil fuels by year.®

13



1.2. Electrochemical devices

Battery cells, as electrochemical devices, effectively convert between
chemical energy and electrical energy through oxidation-reduction reactions.
Electrochemical energy storage has grown increasingly important, a trend that
began in 1800 when Alessandro Volta constructed his “pile”.” This early
battery featured alternating layers of copper and zinc, separated by tissue and
connected by an electrolyte. While Volta's initial goal was to perform
biological experiments, his pile laid the groundwork for modern batteries. The
19th and 20th centuries saw significant technological advances and the
development of electrical applications, bringing electrical power sources to
the forefront of research (Fig. 2). During this period, both non-rechargeable
(primary) and rechargeable (secondary) batteries were developed.® An
important feature of the latter is that reversing the electrochemical process can
be carried out many times.” Among these, the lead-acid battery was a major
breakthrough and remains a significant part of the battery market today."
Over 150 years ago, it powered the first electric vehicles, which were
prevalent before combustion engines took over in the early 20th century. As
technology progressed and electronic and mechanical applications diversified
in the latter half of the 20th century, the demand for batteries with longer
operation times, smaller size, lighter weight, rechargeability, high safety, and
low cost increased.'' This demand has driven chemists, physicists, materials
scientists, and engineers to develop new battery designs and concepts that
meet these evolving needs.

1800 1802 1854/59 1866 1899 19381960s 1980s 1990s now

Primary batteries
Secondary batteries

Figure 2. Development of battery technology over time."?

As illustrated in Fig. 3, the rechargeable electrochemical cell, a cornerstone
of modern energy storage, comprises negative electrode, positive electrode



and electrolyte.” Typically, a separator is placed in between the electrodes
submerged in electrolyte not allowing the physical contact and preventing
shorting. Despite that, the electrodes are still connected ionically through the
electrolyte and electronically by an external circuit.'* During discharge, the
negative electrode facilitates oxidation, while electrons travel through an
external circuit to the positive electrode, enabling reduction. During both
charge and discharge processes, the electrolyte conducts ions, thus, ensuring
electro-neutrality."

e —s —e"
CHARGE LOAD/CHARGER DISCHARGE

POSITIVE
ELECTRODE

SEPARATOR

ELECTROLYTE

Figure 3. Schematic representation of rechargeable battery.

1.3. “Rocking chair” batteries

“Rocking chair” batteries are prominent electrochemical energy storage
systems for both mobile and stationary applications owing to their long cycle
life and impressive energy densities.'® The “rocking chair” operational
principle of majority modern batteries, is based on a charge carrier (ion)
undergoing repeated insertion and de-insertion, shuttling back and forth
between the electrodes through the internal circuit (electrolyte). Redox
reactions taking place at the negative and positive electrodes yield electrons
that produce a current by commuting through an external circuit.!” Fig. 4
demonstrates the working principle of the most popular “rocking chair”
battery — commercial lithium-ion battery (LIB).
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Figure 4. Schematic representation of a “rocking chair” Li-ion battery.

The reactions occurring during the charge/discharge processes can be
written as follows:'®

Positive: xLi* + xe~™ + Li;_4,C0o0, 2 LiCoO, (1)
Negative: LiCq 2 Cg + Lit + e~ (2)
Overall: x LiCg + Li;_4Co0, 2 LiCoO, + x C¢ 3)

where —> represents discharging and < charging processes of the battery.

Lithium ion battery — a Nobel Prize winning technology - offers high
voltage, exceptional energy density, longer lifespan and rapid charging
capabilities.® The steady advancements in this technology have contributed to
the increased efficiency of portable devices and acceleration of the global
transition towards sustainable transportation and grid solutions.'” With the
ongoing scientific efforts focused on enhancing performance and safety, LIBs
are poised to maintain their flagship status.*

The increasing demand for lithium and its limited availability in remote or
geopolitically sensitive regions present substantial challenges to its extraction,
leading to volatile prices.”'** Additionally, cobalt and nickel, which are
critical for the LIB industry, are either toxic or scarce.”® This underlines the
urgent need to discover novel, cost-effective, and abundant materials that are
environmentally sustainable for the future generations of rechargeable
batteries.
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1.4. Sodium-ion batteries

Sodium, being the fourth most abundant metal within the Earth's crust
(Fig. 5), is undeniably superior to lithium in terms of extraction and
distribution. High abundance of sodium conditions a 30-fold lower cost of raw
materials for SIBs than for those for LIBs.** Also, costly copper foil acting as
current collector can be replaced by cheaper aluminum as sodium does not
form alloys with the latter.> Furthermore, the manufacturing process and
infrastructure installed for LIBs can be used for SIBs due to the similarities in
charge storage, material and fabrication process.*

Silicon
28.2%

Aluminum
8.2%

Iron

5.6%

Oxygen
46.1%

Calcium
4.1%

Sodium

Other elements
0.6%

Titanium

0.5% Potassium Magnesium  2.3%

2% 2.3%

Figure 5. Abundance of the elements in the crust.”’

In terms of safety, sodium ion batteries are way less susceptible to thermal
runaway due to physical damage or overcharging. Hard carbon negative
electrodes, often used in SIBs, are compatible with less flammable organic
electrolytes resulting in enhanced safety characteristics.”® Furthermore, SIBs
do not require a particular state of charge for storing and transportation. The
studies show, that prolonged periods of keeping SIBs at zero charge had
minimal effects on overall electrochemical performance of the cell.

While sodium bears some resemblances to lithium, their differences result
in different chemical properties and electrochemical performance.” Sodium
ions, as opposed to ions of other alkaline group elements such as Li and K,
cannot be stably and reversibly intercalated into graphitic structures resulting
in diminished graphite capacities.*’"!

The lack of anode as successful as graphite is partially responsible for
underdevelopment of the SIB technology.** Also, larger atomic weight leads
to diminished volumetric and gravimetric capacities, which accompanied by
limited operational voltage is restricting the feasibility of SIBs for portable
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and mobile applications.** However, safe, sustainable, and cost-effective SIBs
with high-rate capabilities are fully capable of entering the market as
candidates for large-scale stationary energy storage applications where the

size of the energy storage device is not crucial.***32

1.5. Aqueous sodium-ion batteries

Recently the aqueous modifications of SIBs have been paving their way as
an appealing substitute to LIBs owing to the elimination of highly toxic and
flammable organic electrolytes and cost-effectiveness.”®** Moreover, water-
based electrolytes bring the prospects of recyclability to a completely new
level, enabling re-employment of retired batteries.*> Lower viscosities and
superb ionic conductivities of aqueous electrolytes lead to higher rate
capabilities than their organic counterparts.*®*” More importantly, in terms of
manufacturing, SIBs and LIBs are similar in terms of architecture, working
mechanisms, components, and fabrication steps, which makes it easy for
battery manufacturers to transfer the production lines of LIBs to SIBs.*®

Active materials for positive electrodes

Generally, sodium ion positive electrodes can be divided into three categories:

1) Layered metal oxides (LMO) are composed of edge-sharing transition
metal oxide [MeOg] octahedral sheets and with Na’ ions squeezed
between the layers. Many LMOs with a simple synthetic procedure, easily
achieve capacities 2300 mAh g ', and allow to use various low-price and
nontoxic metals like manganese or iron.*** Their practical applications,
however, are hindered by poor stability, complex phase transitions and
irreversible oxygen loss.*'** Moreover, they tend to exhibit moisture or
air sensitivity and suffer from sodium deficiency, which requires
complicated posttreatment procedures or sacrificial agents.***6

2) Prussian blue analogues (PBAs) comprise hexacyanoferrate (HCF)
units and transition metals forming a 3D structure, which is suited for
accommodating alkali metal ions with minor volume deformation and
efficient sodium transport.*” Apart from excellent structural stability,
PBAs offer economically feasible synthesis and abundant raw
materials.*>° Additionally, PBAs feature two distinct redox pairs and,
consequently, demonstrate decent specific capacities up to 170 mAh g
at 25 mA g '.>! However, lattice defects arising from non-homogeneous
nucleation rates taking place during co-precipitation reaction or
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3)

decomposition of structural water at high voltages might result in inferior
cycle life and structural decay.’**

Polyanion-type materials are composed of sodium, transition metal and
a polyanion (phosphate, borate, sulphate, silicate, etc.).”* These cathodes
are characterized by excellent structural stability brought in by strong
covalent bonds in polyanions.**>> Such materials usually exhibit higher
redox potentials, but lower capacities than, for example, layered oxide
compounds owing to their higher molar masses.**® Another drawback of
polyanions is their inferior electronic conductivity which hinders the
electrochemical performance of the material.’’

Na Super Ionic Conductor (NASICON) phosphate materials are a class
of polyanionic compounds which can be generally described by a formula
NaM>(PO4)3;, where x = 1 — 4, M is a transition metal/main group
metal**> Depending on the oxidation states of involved elements, a
structural formula unit can accommodate up to 4 alkali ions.®® This type
of materials are recognized for their high Na® conductivity arising from
durable 3-dimensional open framework, which provides abundancy of
channels for uninterrupted Na" diffusion.®'

Active materials for negative electrodes

Recent research of negative electrodes for aqueous sodium-ion batteries

(ASIBs) has mostly been focused on the same types of compounds as positive
electrode materials as well as some promising organic materials. Among the
most extensively studied materials are:

1)

2)

NaTix(PO4); (NTP) with NASICON structure has been paired with
various cathodes to assemble asymmetric high-performance
batteries.”” NTP with redox potential slightly more positive than that of
hydrogen evolution reaction (HER) has a theoretical capacity of
133mAh g ' and expanded output voltage if the side reactions are
properly mitigated.” However, NTP suffers from poor electronic
conductivity and challenged diffusion kinetics as well as other materials
of this kind.**

Majority of reported organic materials suitable for ASIBs are either small
organic molecules with C=0, C=N or N=N bond or polymers, whose
inherent flexibility makes insertion and deinsertion of large Na' ions
easier. Azobenzene-4,4’-dicarboxylic acid sodium salt has been recently
reported to exhibit a capacity of 170 mAh g ' at 0.2 C, and a stable
capacity of 98 mAh g' following 2000 cycles at 20 C. Quinone-based
pyrene-4,5,9,10-tetraone anode paired with NVP cathode showed an
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unpreceded reversible capacity of 201 mAhg ', and retained 79% of
capacity after 80 cycles at 1 C.% A full cell was assembled with polyimide
derived from 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)
and LiCoO; exhibited a great capacity of 71 mAh g ' and an excellent rate
capability and cycling stability.®® Based on this study one can assume
polyimide anodes exhibit potential for application in ASIBs.

Room for improvement

Despite the rampant growth of academic attention, the application
prospects are still clouded by drawbacks that are yet to be overcome. The main
bottlenecks in commercialization of aqueous sodium ion batteries are:

Poor electronic conductivity. Most inorganic materials are, unfortunately,
plagued by inherently poor electronic conductivity and slow diffusion
processes in the framework.”® The lack of efficient transport of electrons,
results in unsatisfying capacity retentions, slow charge and discharge rate as
well as energy losses due to increased internal resistance.®’

Electrochemical stability window (ESW). The narrow ESW of aqueous
electrolyte solutions brings a great deal of challenges to the enhancement of
energy density. Not only it limits the output voltage narrowing the choice of
active materials, but also inhibits the capacities.®** Moreover, already limited
capacities often decay at rapid rates due to the interface instability and side
reactions.*® Therefore, the inhibition of water splitting and prevention of
interactions between free water and the surface of electrode is of great priority
for creating high-power and stable batteries.

Lack of alternative binder. Well-performing ASIBs are a combination of
comprehensive cell design, electrolyte chemistry, and precisely selected
electrode composition.”” A polymeric binder plays a crucial role in the
preparation of high-performance electrodes.”! Currently, most state-of-the-art
ASIBs are processed using fluorine-containing polyvinylidene fluoride
(PVDF).” Despite the undeniable advantages, poor hydrophilicity and
adhesion to metal foil current collectors act as main motivation for the search
of alternative binding materials. Moreover, this binder is associated with a
number of safety and environmental red flags. The most concerning of which
is the presence of highly toxic N-methyl-2-pyrrolidone (NMP) in electrode
formulations.” Fluorinated carbohydrates, also called “forever chemicals”
have been a target of ever-expanding regulations due to their persistence,
bioaccumulation and potential health risks.”’>

Limited selection of positive electrode materials. In most materials the
sites for sodium ion storage are finite, making it difficult to achieve great
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specific capacities.®® Moreover, using electrode materials with redox potential
nearing the stability limit of aqueous electrolyte bears the risks of triggering
oxygen evolution rather than reversible sodium insertion/deinsertion.
Therefore, engineering of active materials with high capacities and suited
redox potentials must remain in the focal field of researchers.

Limited selection of negative electrode materials. Sodium metal with its
capacity of 1165 mAh g ', the most convenient option for a negative SIB
electrode, cannot be used in aqueous media for ASIBs.”® Graphite, the most
popular anode for LIBs, cannot be implemented in sodium counterparts due
to the bigger radius of Na" and subsequent inefficient intercalation as well as
highly unstable formed NaCy compounds.’” Additionally, the voltage plateau
of the reaction is well beyond the aqueous electrochemical stability window.
The suitable materials require elaborate synthetic procedures and cannot offer
high capacity. Moreover, as well as positive electrodes, they face dissolution
and capacity fade related to parasitic reactions.”
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2. EXPERIMENTAL METHODOLOGY

2.1. Active material synthesis

The majority of investigations presented in this thesis were carried out
using NaTiy(PO4); particles synthesised via conventional co-precipitation
method as an active material. In a typical synthesis, 7.282 g of concentrated
H3PO,4 (Reachem, 85 wt%) was poured into a beaker with 30 mL of water to
reduce viscosity. 1.317 g of Na,CO3s powder was added into H3PO4 solution
and left to react under continuous stirring to form Na,HPO4. Then, 14.112 g
of Ti(OC4Ho)s (Acros Organics, >98%) was added into isopropanol (20 mL)
to prevent contact with air and agitated. Then it was immediately poured into
the intermediate product Na,HPOj4 containing solution. The mixture was kept
at room temperature to react completely for 30 min under constant stirring. In
order to obtain the desired precursor, water and isopropanol were evaporated
from the mixture on a hotplate. The resulting powder was ground and calcined
in a muffle furnace at 700 °C in air atmosphere for 8 h. The obtained particles
were reground and additionally ball-milled in a planetary ball-mill (Retsch
PM400) for 1 h at 900 rpm in isopropanol with subsequent drying at 80 °C.

In investigations requiring positive electrodes following materials were
used: NazV2(POs); (NVP), NaxVTi(POs)3 (NVTP) and
Nal,gsFe[Fe(CN)d . 2.28H20 (NFCN)

Na3V2(PO4); (NVP) samples were synthesized via solid-state method. In a
typical synthesis, stoichiometric amounts of V,Os (Thermo Fisher, 99.2%),
Na,CO; (Chempur, 99.8%), and NH4sH,PO4 (Honeywell, 99%) were mixed in
2-propanol and ball-milled (Retsch, PM400) at 350 rpm for 2 h. The mixture
was then dried at 80 °C and the resulting powder was annealed in a tube
furnace under the forming gas flow (5% H, + 95% N,) for 4 h at 400 °C and
8 h at 800 °C followed by regrinding after every annealing step. The final
powder was obtained by milling in a planetary ball-mill at 350 rpm for 1 h.

For the synthesis of Na;VTi(PO4); (NVTP), Na,COs; (Chempur,
99.8%,), V20s (Chempur, 99%,), TiO> (Acros Organics, 98%), NH4H,PO4
(Honeywell, >99%,) were used. Na,VTi(PO4); was synthesized by a
conventional solid-state method. VO3 was prepared by heating V,Os in
N2/Ha (5% H,) atmosphere in three consecutive stages with intermediate
regrinding: the first at 600 °C, the second at 900 °C, and the third at 1000 °C.
Each stage lasted 8 h. Na,COs, V,03, TiO, and NH4H,PO,; were mixed with
isopropanol at the appropriate molar ratio and milled in a planetary ball-mill
(Retsch PM400) at 450 rpm for 2 h. After ball-milling, the mixture was dried
at 80 °C, fired at 400 °C for 4 h, reground, and finally calcined at 800 °C for
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8 h in a tube furnace under a flowing N, atmosphere. The obtained particles
were reground and additionally ball-milled for 1 h at 350 rpm in isopropanol
with subsequent drying at 80 °C.

Monoclinic NajgsFe[Fe(CN)s] -2.28H,0 particles were synthesized via
co-precipitation route. In a typical co-precipitation synthesis,
NaygFe(CN)s - 10H,O (Acros Organics, >98%) and L-ascorbic acid (CsHgOs)
(Thermo Scientific, >99%) are dissolved in 200 mL of distilled water. The
solution is bubbled with N, to remove O, 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.

2.2. Materials characterization

Powder X-ray diffraction (XRD) was used to determine the phase
composition of synthesised materials. The XRD patterns were recorded on a
X-ray diffractometer (Bruker D2 Phaser) within the range 10° <26 < 60° using
Ni-filtered Cu K, radiation. The scanning speed and step width were
1° min"! and 0.01°, respectively.

Morphological investigations of particles and electrodes were carried out
using Scanning electron microscopy (SEM) (Hitachi TM-6000) and
Transmission electron microscopy (TEM) (G2 F20 X-TWIN FEI). Samples
for TEM analysis were prepared by coating <1 mg mL™' the dispersion of
particles in 2-propanol on lacey carbon grid. ImageJ software” was used for
carbon layer thickness determination.

The Energy-dispersive x-ray spectroscopy (EDX) analysis of the
electrodes was performed using a table-top SEM (Hitachi TM-6000) equipped
with an EDX detector.

The surface area was measured by a Brunauer—-Emmett—Teller (BET)
analyser (Anton Paar NOVA 600). Adsorption isotherms were obtained for
the samples after outgassing them in vacuum at 120 °C for at least 3 h. The
surface area was estimated by the Brunauer-Emmett-Teller model.

Fourier-transform infrared (FT-IR) spectroscopy was used to obtain
information about functional groups of the material. The infrared spectra were
obtained by FT-IR spectrometer (Frontier, Perkin-Elmer), equipped with
Attenuated Total Reflectance (ATR) accessory. The measurements were
performed in the 4000-450 cm ™' range with 4 cm™' resolution.

The Thermogravimetric analysis (TGA) of the surface carbon and
nitrogen content was carried out on a PerkinElmer STA6000 analyser in the
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range of 30 to 700 °C and a heating rate of 10 °C min' in flowing air
atmosphere (20 mL min ).

X-ray photoelectron spectroscopy (XPS) analyses were used to
determine composition on the surface of the particles with Kratos AXIS Supra
spectrometer using monochromatic Al-K, radiation (hv = 1486.7 eV) at 225
W X-ray gun power at 1 x 10°® torr pressure and room temperature.

The elemental analysis revealing carbon and nitrogen contents was
performed by organic elemental analyser (Thermo Scientific Flash 200).

Raman spectroscopy was conducted using a Renishaw QONTOR
instrument with a 532 nm laser. Each spectrum was recorded in the 2700 —
3900 cm™' range for 50 s (5 acquisitions x 10s) at 10% laser power.

Nuclear magnetic resonance (NMR) spectroscopy experiments were
carried out on Bruker AVANCE III HD spectrometer operating at resonance
frequencies of 400 and 162 MHz for 'H and *'P, respectively (magnetic field
of 9.4 T). The concentrations of phosphates in electrolytes were estimated
using 60 mM/L adenosine diphosphate (ADP) solution in HO.

For the in-situ pH monitoring, a pH meter (Mettler Toledo SevenCompact
$220) equipped with a combination pH probe (Mettler Toledo InLab Micro
Pro-ISM) was used.

For the conductivity measurements, a pH meter (Mettler Toledo
SevenCompact s220) equipped with conductivity sensor (Mettler Toledo
InLab 741-ISM) was used.

2.3. Electrode preparation

The electrode slurry was typically prepared by mixing 70 wt% of active
material, 20 wt% of carbon black (CB) (Super-P, TIMCAL) and 10 wt% of
polyvinylidene fluoride (PVDF) (HSV1800, Kynar) in N-methyl-2-
pyrrolidone (NMP) (Sigma Aldrich, 99.5%). Dry components were premixed
in a high-energy ball-mill for 1 h at 175 rpm (Fig. 6). The slurry was then
homogenised for 2 h at 350 rpm and subsequently casted as a film. After
drying in vacuum for 3 h at 120 °C the resulting electrode film was punch-cut
into 14 mm diameter disks and transferred onto 316L stainless steel mesh
(#325) by hydraulic pressing.
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Figure 6. Electrode and coin-cell preparation process, including slurry
mixing, casting, and electrode punching.

For the binder investigations, PVDF was replaced by other polymeric
binders. In some cases, the amount of binder varied between 10-30%.
Adhesive properties were investigated by casting the slurry directly onto the
stainless-steel foil substrate.

For investigations in organic electrolytes, electrodes were prepared by
dispersing active material, PVDF and CB in a respective weight ratio of 80%,
10%, 10% in appropriate amounts of NMP in Thinky mixer for 20 min at 6000
rpm. The resulting homogeneous slurry was casted on carbon-coated
aluminium foil using doctor blade technique. After drying, electrodes with a
diameter of 12 mm are punched and dried overnight at 80 °C under dynamic
vacuum in a Biichi glass oven and later transferred inside the glovebox. CR
2032 coin half-cells (MTI Corp.) were assembled using the prepared
electrodes, 150 pl of electrolyte, and two 16 mm @ separators (Whatman).

2.4. Electrochemical characterisation

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

Linear sweep voltammetry (LSV) measurements were performed in
order to determine gas evolution potential onsets using a potentiostat-
galvanostat (Biologic SP-300).

Self-discharge (SD) measurements were performed using battery cycler
(Neware CT-4008) by charging the electrode to a chosen potential and
monitoring the open current potential in time.

The longevity of the electrodes was evaluated by galvanostatic
charge/discharge cycling (GCD). The change of voltage over time, capacity,
and energy density is measured while a known current is applied to
continuously charge and discharge the electrode between the chosen potential
limits.
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The total amount of charge consumed or produced by an electrochemical
reaction is called charge/discharge capacity (Ah or Ah kg' for specific
capacity) and can be calculated from the applied current and total time.*

The theoretical capacity of a sodium aqueous battery refers to the
maximum amount of charge it can store per unit and is calculated as follows:

n X F 1
x_
M 3.6

cheoretical (mAh/g) =

where n is the number of moles of electrons transferred per mole of active
material, F is Faraday’s constant (96485,3 C mol '), M is the molecular weight

of the active material (g/mol). The factor i is used to convert from C mol™

tomAh g%

Coulombic efficiency (CE) is a measure of how effectively a material
can convert charge during its charge and discharge cycles. It's calculated as
the ratio of the total charge extracted from the metarial to the total charge put
into the material over a full cycle (%).%

The C-rate is a measure of the rate at which active material can be charged
or discharged relative to its theoretical capacity. A 1C corresponds to
completion of charge or discharge processes in 1 h.%

Galvanostatic charge-discharge cycling/self-discharge experiments were
carried out on battery testers (MACCOR, Series 4000 and Neware CT-4008).

The electrochemical characterisation of half-cells was mostly performed in
an three-electrode bottom-mount beaker-type cell (Fig. 7 b) or decoupled
three-electrode bottom-mount beaker-type cell (Fig. 7 a) designed for flat
samples in Na,SO4 (aq.) (10 ml, 1 M) electrolyte solution.

In the latter setup the working NTP and graphite rod counter electrodes
were placed in separated compartments connected by 1 M NaNO; agarose salt
bridge. Hg/Hg>SO4/K,S04 (aqg. sat) (MSE) was used as a reference electrode.
The electrolytes were naturally aerated during the most experiments. The
electrochemical characterisation of full cells was performed in CR 2032 coin
cells (Fig. 7 c). Linear sweep voltammetry (LSV) measurements were
performed in a three-electrode custom-made cell with a glassy carbon rotating
disc electrode, carbon rod counter electrode and Hg/Hg>SO4/(1 M K»SO4 (aq))
reference electrode (Fig. 7 d).
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3. RESULTS AND DISCUSSION
3.1. Carbon in electrodes

The improvement of electronic conductivity in NTP as in other
NASICON-structured materials is crucial for practical applications of this
material in real electrochemical devices where high currents are needed.™ The
attempts aimed at enhancing the electronic conductivity are primarily focused
on the particle size reduction, aliovalent doping and introduction of various
conductive materials.*>*” The latter method provides a unique external
conducting network which ensures rapid electron migration in the electrode,
resulting in superior reversibility and kinetics of electrode reactions.®® It has
been shown that low-cost and environmentally-friendly carbonaceous
materials including porous carbon, carbon nanowires, carbon nanotubes, and
graphene effectively diminish the interfacial resistance by forming extensive
highly-conductive agglomerate structures that effectively frame the insulating
active material particles.*””® Moreover, carbon layer on the surface of the
particles has been reported to suppress some of the electrolyte-assisted side
reactions by minimizing direct contact of active material and electrolyte,
hence, acting as a protective layer.”"**

Although conductive carbons improve the overall conductivity and
stability of the electrode, their content needs to be kept minimal not to
compromise a practical mass loading of the active material. Also, carelessly
chosen amount of carbon can result in inhibited ion diffusion rates.’* Thus,
electrode components and their ratios need careful consideration and
optimisation. A sensible approach to creating uninterrupted pathway for
electron transfer with as little carbon as possible would be introducing it
during slurry preparation as well as forming a layer of carbon on the surface
of the active material (Fig. 8).

Surface
carbon

Figure 8. Preferred carbon distribution in the composite electrode.
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3.1.1. Carbon black

The role of carbon in the electrode is not limited to being the conductive
additive. Carbon also helps to create a more uniform electrode structure,
which aids in maintaining mechanical integrity during cycling, thereby
extending the battery lifespan and reliability and also allows for faster charge
and discharge rates.”'°'"2 Additionally, it prevents the loss of the contact
upon the degradation of anode materials during cycling, ensuring stability.”*"’
Moreover, carbon helps in dissipating heat, which is vital for preventing
overheating, which is of particular importance for batteries with organic
electrolytes.”

Introducing carbon black — a low cost, safe, and reasonably stable carbon
filler into the electrode composite has been a common manufacturing practice
for virtually all electrochemical applications.” It has previously been
mentioned that minimal amounts of auxiliary components are expected in the
formulation not to compromise the energy density of electrode. However, for
carbon black (CB), the optimum amount of conductive additive required to
significantly enhance electrical conductivity through a well-connected "point
to point" network is relatively high in comparison with other carbonaceous
materials.'® Different carbon nanotubes, nanofibers, and graphene derivatives
could potentially lower the percolation threshold if used instead, however,
their high prices make such replacement unfeasible for practical
applications.'®" ' Simultaneously, while higher conductivity is achieved with
higher carbon black contents, the maximum stress and Young’s modulus are
reported to be weakened, resulting in diminished flexibility and, potentially,
shorter lifespan of the electrode itself.!®*'% This underlines the need for a
careful and sensible approach to the slurry and electrode preparation.

Different NTP electrodes with three different carbon black (CB) contents
were prepared and their electrochemical performance was evaluated by GCD
cycling (Fig.9). The binder content was kept constant at 10%, and the amount
of active material was adjusted depending on the carbon content (100% — 10%
(binder) — x% (carbon)). As expected, the sample with lowest carbon black
wt% delivered the lowest initial capacity and had the worst capacity retention
upon cycling. The lower discharge capacity as well as inferior capacity
retention can be explained by lower electrical conductivity, leading to
inefficient electron transport and reduced battery performance.'”” Doubling of
the CB wt% in the electrode composition contributed mainly to the increased
capacity retention (from 27.7% to 59.9%) and slightly elevated initial
discharge capacity (from 81.1 to 85.4 mAh/g). Further increase in conductive

29



additive wt% benefited the initial capacity (from 85.4 to 94.6 mAh/g) but
improved the retention only slightly (from 59.9% to 62.5%).

Further increase of carbon wt% in the slurry composition does not seem
feasible for practical applications. However, part of CB can be substituted by
more conductive carbonaceous counterparts without drastically
compromising the cost of production.
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Figure 9. (a) GCD cycling performance, (b) initial capacities and (c)
capacity retentions of NVP-based electrodes in naturally aerated 1 M
NaSOq4 (aq).

3.1.2. Particle carbon coating
Soluble carbonaceous compounds

Currently, there are several widely utilized approaches for forming carbon
layers on ceramic materials. One is based on simple mechanical dispersion
and mixing of powder with carbonaceous additive (Fig. 10 a).'”® While this
method offers the least time-consuming procedure, most forms of
carbonaceous materials are not easily dispersible or readily soluble in
traditional solvents, thus, this approach is mostly reserved for the treatment of
active materials with poor thermal stability. Another class of methods use the
pyrolysis of carbon precursors introduced during the synthesis or after-
treatment (Fig. 10 b).'” During pyrolysis, the organic compounds break down
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in the absence of oxygen, leaving behind a carbon residue. Additionally, by
tailoring pyrolysis conditions one can optimize the properties of the resulting
carbon.'"® The organic pyrolysis approach provides a controlled conversion
of precursors into carbon layer typically resulting in better conductivities and
charge capacities.!'" Consequently, as NTP is characterised by thermal
stability allowing a high-temperature pyrolysis procedure, the latter method
was chosen for this study.

NTP Carbon Black °
\,v g [ a&
P o v e R
" dispersing “0 82 ¢ .','5'
‘ o > - SeteeiOr
- oY ‘.:‘ w0..'_’.‘.
- i’ i" ‘Mﬁn

N-Il‘ > + dissolved

" carbohydrate
& A -

drying,

Figure 10. Schematic view of carbon-coated NTP particle preparation by (a)
mechanical dispersion of carbonaceous additive; (b) soluble carbon-based
compound encapsulation with subsequent pyrolysis.

The effect of two conventional carbon precursors — citric acid (CA) and
glucose on the electrochemical performance of NTP was investigated. Two
series of electrodes were prepared by homogeneously mixing NTP powder
and citric acid/glucose in distilled water (50 mL). The amounts of carbon-
based compounds were set to be 10, 15, 20, 30 wt% of total component weight
(denoted by sample codes accordingly CAx or GLUx, where x represents the
weight percentage of carbon precursor). The resulting mixture was heated at
60 °C under magnetic stirring, and subsequently dried at 70 °C for water
elimination. The obtained white powder was reground and pyrolyzed at
700 °C for 2 h in a tube furnace under N, gas flow. The resulting powder was
additionally ball-milled for 1 h at 350 rpm in isopropanol and subsequently
dried at 70 °C in a drying oven.

Carbon content of as-prepared particles was determined by
thermogravimetric analysis (TGA) and is presented in Fig. 11. The TGA
curves show carbon content ranging from 1.74 wt% to 4.94 wt% for citric acid
series (Fig. 11 a), and from 3.14 wt% to 10.24 wt% for glucose series (Fig. 11
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b). Interestingly, analysis shows almost double the content of carbonaceous
residue for glucose-coated samples (Fig. 11 c) despite similar carbon contents
in initial compounds (40% and 37.5% for glucose and citric acid,
respectively). As the final mass of a carbon is indicative of pyrolysis progress,
it is safe to assume that breaking and rearranging of the chemical bonds
requires higher pyrolysis temperatures when glucose is used as a
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Figure 11. TGA determined final carbon wt% in (a) CA and (b) GLU series
and (c) carbon content plotted as a function of precursor wt %.

In order to evaluate the electrochemical performance of these carbon-
coated powders, electrodes were prepared following the procedure described
in Electrode preparation section. Galvanostatic charge/discharge (GCD)
cycling was performed in a beaker-type three electrode cell, and results are
presented in Fig. 12. They show that, generally, higher amount of carbon
resulted in improvement of charge-discharge cycling stability with no obvious
effect on initial discharge capacities (Fig. 12 a-b). It seems that in both series
there is a plateau reached at around 80% of capacity retention (Fig. 12 c) which
is, notably, reached at quite different carbon contents (3.45 wt% and 6.32 wt%
for citric acid and glucose, respectively). These findings suggest that citric
acid yields a carbonaceous film providing better buffering layer for active
material and facilitates less water-induced degradation and capacity loss.
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Figure 12. GCD cycling performance of NTP based electrodes with (a) CA,
(b) GLU as a carbon precursor and (c¢) capacity retention as a function of
carbon content.

Polymer-derived coatings

Despite the evident simplicity of previously described coating approaches,
suspending active material particles in carbohydrate solutions prior to
pyrolysis does not typically yield uniform coatings because unquantified
amount of carbon inevitably remains disconnected from the surface of active
material.''*!"* Additional grinding and homogenization can slightly mitigate
those irregularities; however, uneven coverage still remains a subject to be
addressed. A coating method based on selective precursor adsorption and
controlled shell growth by in-situ polymerization on the particle surface could
be the key to manufacturing uniformly carbon-coated particles.''¢'!®

Dopamine (DA) is a natural compound recognized for its remarkable
adhesion properties, which stem from its multiple catechol and amine
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functional groups.'" These features enable DA to adhere effectively to a wide
range of substrates, making it a versatile material for various applications. The
self-polymerization of DA in a weakly basic medium, particularly under
aerobic conditions, leads to the formation of a uniform and densely packed
polydopamine (PDA) film.'"”® The subsequent pyrolysis of PDA results in
graphitization of the polymerized shell yielding a thin and uniform carbon
layer on the surface of a particle (Fig. 13)."*! In this section we study resultant
carbon coating which serves as both a protective barrier and an conductive
medium, facilitating the transport of ions and electrons while protecting the

material from the environment.''*12%123
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Figure 13. Schematic view of carbon-coated NTP particle preparation by
PDA encapsulation approach.

For this study pre-synthesized NTP particles were carbon coated by
homogeneously mixing NTP powder and citric acid in distilled water (50 mL).
The amount of citric acid was set to be 10, 25, 40, 100, 150 wt% of active
material weight (denoted by sample codes CA1, CA2, CA3, CA4, and CAS5,
respectively). The bulk of water was evaporated at 60 °C under magnetic
stirring, and water elimination was completed at 70 °C in drying oven. The
obtained powder was reground and pyrolyzed at 700 °C for 2 h in a tube
furnace under constant N, gas flow. The resulting dark powder was
additionally ball-milled for 1 h at 350 rpm in isopropanol and subsequently
dried at 70 °C in a drying oven.

The polydopamine coating of the NTP particles was carried out through
an in-situ polymerization. First, a series of tris(hydroxymethyl)aminomethane
(TRIS) and HCI buffers were prepared for keeping the ratio (1:6) between DA
and TRIS constant. In this procedure 0.9 g of as-prepared NTP was dispersed
in TRIS-HCI (pH = 8.5, 30 ml) buffer solution. Then, dopamine hydrochloride
was added in the amount of 5, 10, 30, 60, 100 wt% of active material weight
(denoted as samples PDA1, PDA2, PDA3, PDA4, and PDAS, respectively).
The mixture was vigorously stirred at room temperature between 16 and 70 h,
and then centrifuged at 7000 rpm for 10 min in order to isolate the precipitate.
The collected precipitate was washed with deionized water three times and
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dried in a drying oven at 70 °C. The obtained brownish powder was reground
and pyrolyzed at 700 °C for 2 h in a tube furnace under constant N, gas flow.
The resulting particles were ball-milled for 1 h at 350 rpm in isopropanol and
subsequently dried at 70 °C.

First of all, XRD analysis confirmed the structure and phase composition
of samples. The patterns of pure NTP, PDAS*, CAS5*, PDAS, and CA5 shown
in Fig. 14 indicate that neither coating nor pyrolysis procedures had affected
the composition and crystallinity of the bulk NTP. There is a good agreement
between diffraction peaks of all samples and the standard PDF card. The
recorded patterns identified highly crystalline NASICON-type structure with
R3c (No. 167) space group. The investigation clarified that even in high
carbon content samples such as PDAS and CAS5, no extra carbon peaks are
observed. This further proves that surface carbon is mostly of amorphous
nature and does not affect the NTP structure and composition.
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Figure 14. Powder XRD patterns of pure and carbon-coated NTP.

Secondly, the successful completion of self-polymerization reaction
(Fig. 15) has to be confirmed.
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Figure 15. Representation of mechanism of dopamine self-polymerization.
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The particle surface of pure NTP, PDA-coated and pyrolyzed samples was
first characterized by FTIR spectroscopy (Fig. 16). The recorded bands in the
500 - 1500 cm™ region (Fig. 16 a) represent characteristic vibrations of P-O
bonds in PO, tetrahedra (574 and 1015 cm™) and of Ti-O bonds in TiOs
octahedra (642 and 983 cm™).!?*'? No clear difference between the three
samples is noticed in this region of acquired spectra. The characteristic bands
related to PDA lie mostly in the 1400 - 1650 cm™ spectral range (Fig. 16 b).
In the spectrum recorded for PDAS* (coated, but not pyrolyzed) the broad
feature at 1615 cm™ is associated with either N-H bending or asymmetric C=C
stretching characteristic for indole derivatives.'”” The pronounced band at
1486 cm™ is associated with CH bending vibrations.'*®!'* The spectrum of a
pyrolyzed PDAS sample shows only one distinguishable band at 1558 cm’!
(C=C stretching) confirming that PDA was successfully pyrolyzed.
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Figure 16. FTIR spectra of pure NTP, PDAS5* and PDAS5 samples in the
spectral range (a) 500 - 1500 cm ™' and (b) 1400 - 1650 cm ™",

The broad band observed at 1558 cm ' most probably contains
contribution from C=N bonds suggesting that carbon may exhibit enhanced
nitrogen doping. N-doped carbonaceous phases were shown to enhance
catalytic activity and electronic conductivity.**"*! To precisely determine
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nitrogen content in these composites, combustion elemental analysis was
conducted. As summarized in Fig. 17, the analysis, indeed, confirms the
presence of an N-containing carbon phase in these samples. The calculated
carbon-to-nitrogen (C/N) ratio across the series remains around 15, indicating
stable composition in the PDA-derived carbon coatings. The PDA1 sample,
with 5 wt% PDA coating, was near the nitrogen detection limit, potentially
introducing higher measurement error, hence is not present in Fig. 17.
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Figure 17. The nitrogen content and calculated C/N weight ratio for PDA
sample series as determined by combustion elemental analysis.

Fig. 18 demonstrates that the carbon loading achieved via the PDA route
differs significantly from that of the CA route. For the conventional CA
approach, the carbon content of NTP samples is linearly dependent on the
precursor concentration before pyrolysis. However, in the case of PDA linear
dependence is observed only at low precursor concentrations, followed by a
plateau that begins at around 20 wt% precursor concentration. This indicates
that a final carbon loading of approximately 6.5 wt% is reached, regardless of
DA concentration prior to polymerization. This indicates that a final carbon
loading of approximately 6.5 wt% is reached, regardless of DA concentration
prior to polymerization.

Another set of identical samples was prepared with an extended
polymerization time (70 h). A dotted line in Fig. 18 shows that the general
trend persists — a linear dependence at low DA concentrations followed by a
plateau — but with a higher final carbon loading. A more than four-fold
increased reaction duration resulted in approximately double final carbon
loading. This suggests that, in the presence of surplus DA monomer, the
reaction steadily proceeds at a slow rate and is limited by slow reaction
kinetics. As the unreacted monomer could be easily eliminated by repeated
washing, this careful optimization approach, in principle, allows for highly
controllable and reproducible carbon loading in NTP and similar materials.
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Figure 18. TGA determined carbon content in CA and PDA series.

The results of BET surface area investigation of NTP-carbon composites,
presented in Fig. 19, suggest a linear relationship between the measured
specific surface area and the carbon content. While the overall trends are
similar, there are slight but consistent differences. The CA-coated series
shows more variability in values, whereas the PDA series demonstrates a
highly consistent dependence, suggesting better reproducibility. Additionally,
samples produced via the PDA method systematically exhibit higher specific
surface areas, which may influence their electrochemical properties.
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Figure 19. BET determined specific surface area dependence on final carbon
content.

TEM imaging was conducted to additionally study uniformity of carbon
layers on NTP particles (Fig. 20). TEM images of PDA series before (*) and
after pyrolysis confirms the presence of both highly crystalline NTP phase and
a 3.5 — 4.7 nm wide amorphous polymeric layer for coated samples and 2.9 —
4.1 nm wide carbonaceous phase for the samples after pyrolysis. In both cases,
phase distributed evenly on the surface of material resulting in core-shell
structure with some decrease in the thickness of layer upon pyrolysis.
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LPDAS*

Figure 20. TEM images of PDA series before and after pyrolysis.

Subsequent examination of citric acid derived sample revealed not only
significantly lower regularity of carbon layer (Fig. 21 a), but also the presence
of additional phase (Fig. 21 b-d) at lower magnifications. The lacey structures
are believed to be loose interparticular carbon flakes. Images of the samples
prepared by polymerization indicated no presence of occasional chunks of
carbon - a side product from pyrolysis process (Fig. 21 f-h).

Figure 21. TEM images of CA3 (a-d) and PDA3 (e-h) samples.

For better understanding of the chemical differences at the surface of the
material, XPS quantitative analysis was performed on two samples from both
series with carbon content of 4.92 wt% (CA) and 4.31wt % (PDA). Fig. 22
presents summarised surface atomic compositions based on XPS analysis.
Despite TGA revealing consistently lower carbon loading for PDA derived
samples, surface investigation indicates slightly higher C/Ti ratio (Fig. 22 a).
This result suggests presence of a more uniform carbon distribution on NTP
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particles. Another interesting observation provided by XPS analysis is that the
ratios of elements in PDA-coated samples are closer to those
stoichiometrically expected. This is indicative of more crystalline, hence,
closer to the nominal NTP composition at the surface of the coated samples.

Ti/Na= 2.14 Ti/Na= 0.65 C/Ti= 8.58

\ —C/Ti=9.74 \

P, 9.3 at¥e P, 8.3 at%

b

O, 38 at% O, 41.7 at%

PDA CA

Figure 22. XPS analysed surface atomic composition of (a) PDA- and (b)
CA-coated samples.

The electrochemical performance of NTP-based electrodes prepared from
coated particles were studied by GCD cycling. The obtained data on initial
capacities and cycling stability clearly demonstrate the consistent superiority
of the PDA samples over the CA samples (Fig. 23). PDA-derived composites
(Fig. 23 b) exhibit initial discharge capacities between 98-111 mAh/g,
whereas CA-derived (Fig. 23 a) composites deliver around 90-95 mAh/g. This
is, likely, due to enhanced electronic conductivity from a more uniform, N-
rich carbon coating. In the same series a clear increase in capacity values from
PDA1 to PDA3 is observed, indicating that greater carbon loadings improved
the performance of electrodes. Conversely, in the CA-coated series, the carbon
content has minimal impact on the initial capacity. However, after 200 cycles,
the difference in capacity retention between the series is notably pronounced,
with both sample series showing improved capacity retention as carbon
content increases overall (Fig. 23 c). The best retention of 38% after 200
cycles is observed for the highest carbon content samples in both series.
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electrodes, (c) their initial capacities and capacity retentions in naturally

aerated 1 M Na,SOj4 (aq).

Notably, the carbon loadings responsible for such retention are extremely
different (Fig. 24): 6.7 and 11.9 wt% for PDAS and CAS5 samples,

respectively.

Oxygen-assisted self-discharge is known for being the main

cause for the local pH increase and subsequent degradation and dissolution of
active material into the electrolyte.**'*3 More integral and uniform carbon

layer in core-shell composite in PDA-derived samples offers more feasible

protection from O, attack which is occurring in naturally aerated electrolytes.
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Capacity retention as a function of carbon content for CAx and
PDAX series.
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The enhancement in cycling stability with higher carbon loading might be
due to the formation of an aqueous interphasial layer similar to the solid-
electrolyte interphase in organic electrolytes.'**!3* This layer consisting of
insoluble titanium-rich degradation products is reported to grow at the
aqueous/NTP interface and is capable of slowing down, but not entirely
preventing the degradation of active material. The growth of the said layer
during GCD cycling is substantially more pronounced in the composites with
higher carbon loading.'**

The investigation of PDA coated NASICON-structured material
NazV2(POs)s (Fig. 25) further supports this theory. Despite great performance
in common organic electrolytes, this material is renowned for instant

dissolution into the aqueous electrolytes.'3>!%¢
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Figure 25. (a) GCD performance, (b) initial capacities and capacity
retentions of NVP-based electrodes in naturally aerated 1 M Na,SOs (aq).

Differently from water-assisted NTP degradation, carbon coating does not
improve cycling stability of the NVP active material. It is evident from
Fig. 25, which contains the results of GCD cycling for NVP-based electrodes,
that rapid capacity degradation occurs regardless of the carbon source and
loading. Fig. 25 b reveals very similar capacity retention values; however,
initial capacities suggest that similarly as in the NTP investigation, PDA-
derived carbon shell had a favourable effect on the initial capacities. These
findings suggest that rather than acting as a protective layer preventing
material and electrolyte contact, carbon coating provides a favourable media
for such layer to form.
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3.1.3. Electrode preparation

In battery slurries, carbon black forms micron-scale clusters, known as
agglomerates, whose size and distribution depend on the slurry formulation
and the details of the coating process.'*’ The distribution of the carbon affects
the utilization of the active material in the electrode. The process of electrode
preparation in experimental section is a result of an investigation presented
here. In this section the electrodes prepared by different preparational
procedures are studied.

Tap density of an electrode composite is indicative of homogeneity of
microstructure and optimized composition of an electrode. In industry, the as-
prepared electrodes undergo calendaring in order to improve the adhesion and
increase the tap density. Studies show that as electrode density increases, the
cycling stability is increased until a certain threshold.'*® This is demonstrated
by the study of the effect of the calendaring on electrochemical performance
(Fig. 26). Electrodes, transferred onto mesh of size 200, show increasing
cycling stability as the transfer pressure increases (from 35.5% to 40.1% to
44.2%). Initial capacity has a slight upward tendency (from 82.55 mAh/g to
85.98 mAh/g to 87.65 mAh/g).
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Figure 26. GCD cycling performance of NTP-based electrodes transferred
onto mesh Ne200 with 4/6/8 tons weight in 1 M Na,SOs (aq).

However, electrochemical performance also depends on the properties of
the current collector. Fig. 27 shows GCD cycling data for the electrodes on
stainless steel mesh of different sizes with minimal pressure applied required
for a successful transfer. As expected, capacity retention increases from 4 t to
6 t (from 35.5% to 58.9%) and remains stable. Samples, pressed with more
than 6 t exhibited resistance to aluminium foil delamination, which elevates
the risk of introducing bits off foil into aqueous media as well as incorrectly
determining mass loading of the electrode. Interestingly, sample pressed onto
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mesh Ne80 exhibits diminished stability of 24.4%, despite similar initial
capacity. It might be that mesh is not fine enough to simultaneously distribute
charged species to all points of electrode, resulting in inferior performance.
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Figure 27. GCD cycling performance of NTP-based electrodes transferred
onto different meshes with minimal weight in 1 M Na,SOs (aq).

In this investigation, the dependence of uniformity on ball-milling is
studied. Fig. 28 shows scanning electron microscopy (SEM) images of
electrodes prepared by mixing active material, carbon additive, polymeric
binder, and solvent (5x times of AM wt.%) for 30-180 minutes with ceramic
5 mm beads in a planetary ball-mill. It can be seen that the mechanical
treatment clearly reduces the particle size of the composite. It is expected for
the slurry to initially have some distribution in size of material as the co-
precipitation synthesis does not guarantee monodispersity. The quantity of
agglomerates, however, varies dramatically throughout the ball-milling. At 30
min of mixing (Fig. 28 a) the slurry is full of large particles of the electrode
components whilst after 3 h of mixing (Fig. 28 d) there are nearly no
noticeable big chunks of neither carbon or active material.

30 in 60 min 120 mn 'I min .

Figure 28. SEM x100k images of electrodes prepared by (a) 30, (b) 60, (c)
120, and (d) 180 min ball-milling of AM + CA + PVDF + NMP.
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Tap densities of electrodes were calculated from mass loading and
thickness of the electrodes (15 electrodes of each batch analysed) are
presented in Table 1. Increased density signifies that particles are better
distributed and closely packed ensuring better pathways for mass transport.

Table 1. Tap densities of electrodes prepared by varying the mixing time.

Pre-mixing - - - -
Mixing 30 min 60 min 120 min 180 min ball-
ball-milling | ball-milling | ball-milling milling
Tap density | 0.60+0.01 | 0.61 £0.02 | 0.65+0.01 0.65+0.01
g/em’ g/cm’ g/cm’ g/cm’

Effective de-agglomeration at the lab-scale is achieved by prolonged ball-
milling times, which is less technologically convenient and energy efficient.
It is common, that manufacturing process requires knowing a few “tricks” as
well as investing additional equipment such as pre-mixers."*” It has been
known for a while that pre-treating the active material by ball-milling reduces
the particle size, enhances the capacity and the rate capabilities of the cell due
to the improved contact between electrode components.'*® However, dry
mixing of powdery constituents of the electrode — a critical process step — is
often overlooked. The inclusion of pre-mixing without liquid components is a
normal manufacturing practice, that results in alterations of electrode
properties.'*!

In this part of investigation, active material was premixed for 1 h with
carbon prior to the addition of polymeric binder and solvent. Pre-mixing was
conducted using 2 mm/3 mm/5 mm ceramic beads at 250 rpm in the planetary
ball-mill. Uniformity of active materials was studied through scanning
electron microscopy (SEM). SEM images of electrodes prepared by
premixing with 2 mm (Fig. 29 a-d), 3mm (Fig. 29 e-h) and 5 mm ceramic
beads (Fig. 29 i-1) indicate that pre-mixing step resulted in decreased size of
agglomerates and their quantity in the electrode compared to not pre-treated
samples in Fig. 28. Even samples with the shortest mixing time show
increased homogeneity after premixing is introduced (Fig. 29 a,e,i). Mostly,
120 min of mixing produce uniform electrodes (Fig. 29 c,g,k). Pre-mixing
seems to affect carbon dispersion more than active material particles.
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Figure 29. SEM x100k images of electrodes prepared by premixing AM+CA
for 1 hour with (a-d) 2 mm beads (e-h) 3 mm beads (i-1) 5 mm beads
followed by mixing with PVDF and NMP for 30/60/120/180 minutes.

The calculated density values correlate with SEM images (Table 2). It is
evident, that the tap density was affected by introducing pre-milling of solid
components. Even after short mixing of 30 min the tap density of electrodes
on average increased by 41% (0.60 — 0.846 g/cm?). The density, as well as
homogeneity, reached their maximum at about 2 h of mixing. The electrodes
with the highest density and good reproducibility in thickness were obtained
through premixing carbon and active material with 3 mm beads for 1 h
followed by 2 h of ball milling with solvent and binder. Higher density can be
attributed to the effective dispersion of carbon network as well as milling
occurring simultaneously with the mixing of the inorganic active material.
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Table 2. Tap densities of electrodes dependency on preparation procedure.

Pre-mixing 2 mm, 60 min
Mixing 30 min ball- | 60 min ball- 120 min 180 min ball-
milling milling ball-milling milling
Tap density | 0.87 +0.07 0.90 +0.04 0.94+0.12 0.90 +£0.05
g/em’ g/em’ g/em’ g/em’
Pre-mixing 3 mm, 60 min
Mixing 30 min ball- | 60 min ball- 120 min 180 min ball-
milling milling ball-milling milling
Tap density 0.88 £0.03 0.91 £0.02 0.96 +0.06 0.98 +£0.13
g/cm’ g/cm’ g/cm’ g/cm’
Pre-mixing 5 mm, 60 min
Mixing 30 min ball- | 60 min ball- 120 min 180 min ball-
milling milling ball-milling milling
Tap density | 0.79 +0.06 0.82+0.09 0.85+0.02 0.85+0.04
g/em’ g/em’ g/em’ g/em’

Electrochemical investigation in standard aqueous setup is performed after
mechanical calendaring, thus, is less informative regarding effect of initial
density than it would be if measurements were carried out without pre-mixing
step. However, due to their poor adhesion to metal surfaces in aqueous media,
polymeric binders lose contact with the metal-based current collectors and
compromise the electrode. Nonetheless, the GCD cycling study revealed there
is no detrimental effect of two-step mixing or longer mixing on the electrodes
as well as slightly better cycling stability after short cycling (Fig. 30).
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Figure 30. GCD cycling of NTP-based electrodes prepared by (a) non-, (b) 2
mm lh, (¢) 3 mm 1h, and (d) 5 mm 1 h premixing in 1M Na;SO4 (aq).
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3.1.4. Summary

In this part of the work, the preparation processes for composite
NaTix(PO4); electrodes to be used in aqueous sodium-ion battery cells is
studied in detail. The obtained results are summarized as:

e The particles of NaTiy(POs); active material are carbon coated by
pyrolysis of citric acid and glucose. The particles coated with citric acid
pyrolysis show better capacity retention at lower carbon loading than
those coated by glucose pyrolysis. This could be related to different
pyrolyzation and graphitization temperatures of these compounds.

e The particles of NaTiy(PO4); active material are carbon coated by
pyrolysis of surface polymerized polydopamine. The resulting carbon
coating is significantly more uniform, controllable and reproducible. The
required carbon loading to ensure the same capacity retention is only half
of that as in the case of citric acid pyrolysis.

e The optimal amount of conductive carbon black additive in the
composite NaTix(PO4); electrodes is determined to be 20 wt%. The
increasing content of carbon black from 5 wt% to 20 wt% results in better
initial capacity and capacity retention from 27.7% to 62.5%. The further
increase of carbon black filler is not feasible for practical applications.

e The mechanical pressing of the electrodes during the transfer onto
stainless steel mesh results in higher tap density and lower porosity. The
optimal electrochemical properties in terms of initial capacities and
retentions during cycling are achieved by pressing with 6 t.
e The duration of slurry mixing during electrode preparation shows
significant effects on carbon dispersion and electrode tap density. The
introduction of an additional step of dry component pre-mixing results in
even better electrode tap density and uniformity. 1 h of dry premixing
and 2 h of slurry mixing results in optimal carbon conductive network
inside of the electrode.

These results form the basis of electrode preparation and formation
procedures for the rest of this work.
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3.2. Electrolyte solutions for aqueous batteries

Over the past few decades, organic electrolytes have proven to be highly
versatile in various applications.'** Their unique properties, such as
electrolytic stability and compatibility with a wide range of electrode
materials, have made them indispensable in fields like lithium-ion batteries,
supercapacitors, and redox-flow batteries.'*'** Organic electrolytes offer a
wide electrochemical window, enhancing the energy density and cycle life of
these devices.'” Moreover, their tunable physicochemical properties allow for
the optimization of electrochemical performance in energy storage devices.

Currently, significant efforts are being made to replace organic
electrolytes, known for their hazards such as explosions, fires, and harmful
leaks, with their aqueous counterparts.'*>'* Water-based electrolytes offer
superior thermal stability, environmental friendliness, and high ionic
conductivity (~107" Q' em™) compared to organic (10°-102 Q' cm™),
polymeric (107-107 Q' em™), and solid inorganic (10 7-102 Q' cm™)
electrolytes."”” The hydrogen bond network in water facilitates fast ion
diffusion to the surface of electrodes containing redox species. However, low
electrochemical stability of water leads to parasitic reactions (Fig. 31), such
as hydrogen and oxygen evolution reactions (HER and OER), which reduce

the Coulombic efficiency (CE) of the charge-discharge cycle.'*®

HER
4H,0 + 4e- — 4OH + 2H,
® [ ]
° ® . ®
® o
< [ J °
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40H - 2H,0 + de + O,
OER

Figure 31. Water electrochemical stability window and two major parasitic
reactions HER and OER.

Additionally, these reactions cause local pH changes that, over time,
deteriorate the active material, compromising the cycle life stability of the
electrodes.'**'* Furthermore, hydrogen gas formation can result in unwanted
increase in internal pressure, potentially causing the cell to rupture.'™
Different pathways such as growing a protective layer, adjusting pH, using
highly concentrated “water in salt” (WIS) electrolytes, or restricting oxygen
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access to the electrode are employed to address this problem (Fig. 32). 1113

However, these approaches are not free from drawbacks: growing a protective
layer requires costly and complicated postproduction procedures, high pH can
be deteriorating for electrode active materials and there is currently no
reported satisfactory gas evolution inhibition for common non-toxic and cheap
salts.
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Figure 32. Common strategies for water ESW expansion: changing of pH,
“water-in-salt” electrolytes, and protective coatings.

3.2.1. Aqueous electrolytes

Despite their unquestionable superiority over organic electrolytes in terms
of conductivity and safety, aqueous electrolytes have not yet realized their full
potential in practical applications due to parasitic reactions competing with
sodium ion de/insertion.'” Theoretically, NTP, as an active material, is
particularly susceptible to HER as the redox potential of the Ti**/Ti™ pair (~-
1.25 V vs Hg/Hg>SO4) lies on the edge of water stability window:

2H,0 + 2e~ - H, + 20H"™ (1)

In practice, however, the effects of HER towards degradation are minimal
compared with pH increase occurring over GCD cycling due to the oxygen

reduction:'*
0, + 2H,0 + 4e~ — 40H" )
or
0, + H,0 + 2e~ —» HO; + OH~ 3)

Chemical oxygen reduction reaction (ORR) has recently been found to be
responsible for the local pH rise and consequent degradation, resulting in
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diminished performance and lifespan of the cell.’*”!>® Typically, it is a slowly
occurring process accommodated by the surfaces commonly present in
electrochemical cells such as stainless steel, carbon, titanium, etc. It is highly
likely, that the presence of Ti'"! species in the charged state of NTP mediates
this process, which explains rapid self-discharge and compromised
efficiencies at slow GCD cycling rates.'** Chemical ORR can be written down
as follows:

2Na;Ti,(PO,)s + 0, + 2H,0 - 2NaTi,(PO,); + 4Na* + 40H (4)

This reaction can be prevented by restricting the access of oxygen species,
which is abundant in naturally aerated electrolytes, to the surface of the
electrode. This is well illustrated by voltage profiles of GCD cycling and
corresponding local pH changes presented in Fig. 33. During the GCD cycling
pH was monitored by placing microelectrode tip in close proximity to the
surface of working electrode. This way the interferences that could possibly
arise from processes happening locally at the surface of counter electrode were
avoided. In order to eliminate the oxygen from electrolyte, the cell was purged
with N, gas for 4 h prior to cycling. Forced convection was avoided by keeping
the gas flow as low as possible during cycling. In the experiment carried out
in ambient air conditions (Fig. 33 a) in the first charging cycle the pH showed
arapid increase up to ~9 followed by a sudden drop to ~7.5 once the charging
plateau was reached. Such behaviour is believed to be caused by the
consumption of dissolved oxygen at the electrode-electrolyte interface by
electrochemical oxygen reduction. Another jump in pH appearing towards the
end of charging stage can be attributed to either HER or chemical ORR.
Subsequently, pH dropped and remained constant during the discharge stage.
In the following 20 charge-discharge cycles the similar behaviour is observed
with pH jump becoming less and less pronounced, until pH reaches ~ 10,5. In
case of N, gas-sparged electrolyte (Fig. 33 b), the growth in local pH was
steady and slow from ~5 to ~8.5 with small bumps attributable to HER and/or
some residual oxygen participating in ORR. The absence of other sorts of
peaks indicates a strong contribution of ORR towards the rise of local pH and
self-discharge processes. Bumps in pH observed in aerated electrolytes are
proportional to the fraction of Ti' which readily reacts with oxygen and
promotes self-discharge. The subsequent pH saturation, likely, arises from
NTP capacity loss and self-limiting nature of (4) reaction.
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Figure 33. Potential profiles and local pH in (a) naturally aerated and (b) in
Nz-sparged 1 M NaySOs.

This theory is further supported by the GCD data displayed in Fig. 34. The
efficiency in inert gas sparged setup reached ~99% in 10 cycles and stayed
stable in the next 90 cycles. The capacity fade was only 6%. This supports
the idea that oxygen elimination strongly inhibits parasitic reactions leading
to pH changes and capacity loss. Air-exposed electrode, however,
demonstrated only around 92% of CE and 24% of initial capacity after 100
cycles. It is obvious that pH is detrimental to the electrode performance.
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Figure 34. (a) GCD cycling performance of NTP-based electrodes in
naturally aerated and N»-sparged 1 M Na,SO4 (aq) and (b) their local pH.
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In this study, we investigate the effects of local pH changes on active
material degradation and cycling stability of NTP-based electrodes. Fig. 35
displays GCD cycling results in three buffered electrolytes with pH 4, 7, and
10. The results shown in Fig. 35 a) indicate that at the lowest pH, the initial
efficiency is very low (~24%), however, it reaches ~75% after 100 cycles. It
is, with great certainty, a result of hydrogen evolution because bubble
formation (H,) was visually observed in the presence of minimal oxygen
amounts. The post mortem investigation of electrolyte solution showed an
increase of pH to 5.8, which indicates the consumption of buffer capacity and
explains consequent increase in CE, which inhibits the HER. It looks like the
gas evolution introduced some limitations to mass transport; hence, initial
capacity is much lower than theoretical. However, capacity retention of 90%
symbolizes great cycling stability. From the higher CE exhibited by a sample
in neutral pH (Fig. 35 b) it is obvious that contribution of HER is less
pronounced. Notably, unbuffered neutral electrolyte (Fig. 34 b) reached the
pH of 8.5 in the first 20 cycles. Moreover, the buffered electrolyte promoted
higher capacity (99%) retention in comparison with the unbuffered one. In the
pH 10 experiment, CE is close to 100% during the entire experiment (Fig.
35 ¢). This is a result of virtually no HER occurring thanks to the elevated pH
value. Additionally, no pH drift of electrolyte was recorded after the
investigation. The fact that almost half of the capacity was lost during the 100
cycles suggests that alkaline pH is the main contributor to NTP
electrochemical performance in aqueous media. Summing up, this
investigation suggests that electrolyte buffering is viable method for
prevention of capacity fade in NTP electrodes. However, buffering is not
considered ideal, especially in real-life electrolyte-starved devices, where both
electrodes have to be taken into consideration.

In order to estimate how much of capacity loss is due to material
degradation, the content of NTP phase was evaluated by recording post
mortem powder XRD patterns and EDX analysis at the different stages of
cycling at 1C rate in pH 10 buffered and inert gas sparged electrolyte. The
amount of NTP was quantified analysing the ratio of Ti to Hf. HfO, a highly
crystalline and inert material was used as an inner standard. Fig. 36 presents
summarised results of investigation as well as GCD cycling performance of
the electrode. It can be concluded that NTP phase deteriorates linearly, around
85% of crystalline NTP is retained after 200 cycles. These findings do not
correlate well with capacity loss identified by GCE (Fig. 36 a).
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Figure 35. GCD cycling results of NTP in N>-sparged and buffered at (a)
pH=4, (b) pH="7 and (c) pH = 10 1M Na,SO4 electrolytes.

Peculiarly, EDX Ti/Hf element ratio analysis (Fig. 36 b) revealed that
titanium content in the electrode is almost constant. The combined results
suggest that capacity loss is neither directly proportional to decomposition nor
to dissolution into the electrolyte. To the opposite, it is caused by the
formation of insoluble Ti-rich phase on the surface of the electrode. The layer
growth causes blockage on the surface of electrochemically active phase,
resulting in contact loss, hence, capacity loss. Although indirectly, aqueous
interphase formation consisting of Ti rich phases such as Ti(HPO.), - H,O is
backed by previous investigation of surface carbon where NTP electrodes are
compared to NVP anodes. These findings suggest that exploring the controlled
growth of this layer could enable achieving the full potential of NTP for
aqueous applications.
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Figure 36. (a) Amount of NTP crystalline phase as obtained by XRD along
with relative capacity retention and (b) EDX obtained Ti/Hf atomic ratios.

3.2.2. Hybrid aqueous electrolytes

Literature suggests that previously discussed unfavourable parasitic
reactions induce most of the damage while ‘unbounded’ water is the
prevailing component of electrolytes.'> Implementing co-solvents in aqueous
electrolytes facilitates broader operational voltage range by restraining water
molecules with hydrogen bonds formed between co-solvent and water (Fig.
37).'° As a result, water activity drops significantly, therefore, water-assisted
reactions are substantially reduced.'®"'*? Safe and cheap glycerol with three -
OH groups per molecule as well as greatly polar DMSO have the potential to
be employed as co-solvents.'®
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Figure 37. Interactions between water and crowding molecules.
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For this investigation two series of electrolytes based on two co-solvents
(CS) dimethyl sulfoxide (DMSO) and glycerol (GLY) are prepared by
dissolving 1 M NaNOs (defined as CSx, where x represents the mol% of CS
in the solvent). For comparison, 1M NaNO; aqueous solutions are also
prepared and denoted as H>O. For convenience, the compositions of CSx
electrolytes are shown in Table 3.

Table 3. Compositions of aqueous hybrid electrolytes aqueous electrolytes.

Solvent, (mol%)
Sample name Salt CS
CS Water
H,O 1 M NaNO; - 0 100
DMSO10 DMSO
1 M NaNO; 10 90
GLY10 GLY
DMSO025 DMSO
1 M NaNO; 25 75
GLY25 GLY
DMS040 DMSO
1 M NaNO; 40 60
GLY40 GLY
DMSO050 DMSO
1 M NaNO; 50 50
GLY50 GLY
DMSO060 DMSO
1 M NaNO; 60 40
GLY60 GLY

In the first part of the electrochemical study, hybrid electrolyte solutions
are investigated in a half-cell, focusing on how NTP-based anode is affected.
In the second part, full cells with Na, gsFe[Fe(CN)¢] - 2.28H,O material as
cathode are assembled and their electrochemical performance is evaluated.

Initially, the physical and electrochemical properties of hybrid electrolyte
solutions were studied. The viscosity and conductivity values of the series are
presented in Fig. 38 a-b. The measured ionic conductivity of pure aqueous
electrolyte is 47.9 mS cm', which is higher than the mixed composition
electrolytes. Although GLYx series show a noticeable drop in conductivities
compared with water, the 60GLY sample still reaches a 1.08 mS cm™' value,
which is comparable if not higher than conductivities reported for other “water
in salt” electrolyte solutions.!%*~1% Moreover, the corresponding viscosity of
171 mPas is well within the range reported for some ionic liquids-based
electrolytes.'®” The investigation of DMSO series shows, that conductivity
follows the same downward trend with the increase of co-solvent (from 47.9
to 9.88 mS cm'). At the same time, the rise in viscosity is substantially less
evident (from 1.1 to 5.7 mPa s) than that of the glycerol series.
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Dashed lines in Fig. 38 c) show water activity dependence on the molar
composition of the mixture taken from literature and the points represent the
activity values for electrolyte series obtained in this investigation. The
diagrams reveal that, within the range of molar composition of the series,
water activity decreases more than twice (from 1 to 0.41 and from 1 to 0.32)
for both co-solvents. Glycerol shows slightly stronger interactions, hence,
stronger effect on the water activity in the mixtures. Overall, these findings
indicate great potential of such mixtures for applications in water
decomposition-resistant electrolytes.

a 200 b 1.04 ¢ 0972
GLY GLY GLY !
501 o pmso AR VAR IUA o DMSO o DMso
0.792 ,0.882
41.4 150 4 0.8 4 #
40+ /
125 4 /
32.53 S 0.597 ; /9-705
£ ° . . 99.6 0.6 [
= 30+ = 7 S 0.483 /
E 22.95 = 754 o 2053
° 20 47.4 044 g
. 504 : -7 g0
1120308 0.324
988 o 10.13 25 13.6 i
10 ° v 3411 0.2
°
.37 04 o0
]}08%533 56 5857 46 54
O ’ T T T '25 T T T T O-O T T T T 1
0.4 06 08 1.0 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Xur Mol% Xur Mol% X, Mol%

Figure 38. Physicochemical characterization of the electrolytes: (a)
conductivity of electrolytes at 25 °C, (b) viscosity of electrolytes, (c) relative
water activity at different co-solvent contents as reported in literature.'**'%

The relationship between the composition of electrolytes and their
electrochemical stability was established by the linear sweep voltammetry
(LSV). Possible transport limitations caused by increased viscosity were
eliminated by using a rotating disc electrode (RDE) during investigation. As
shown in Fig. 39, two simultaneous reactions (ORR and HER) are taking place
on the cathodic side, hence, HER onset potential can hardly be quantitatively
expressed. However, it is obvious that with increasing the substitution with
co-solvents, the potential shifts towards more negative potentials. These
results are in good agreement with the studies of water activity (Fig. 38 ¢) and
indicate that decreased water amounts, hence, activities, extend ESW for
electrolyte solutions. Moreover, the addition of glycerol further expanded the
stability window by noticeably pushing oxygen evolution potential to more
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positive values. This shift might be explained by the viscosity input towards
the onset of OER, which persisted even at 1000 rpm. These results imply that
electrolyte stability range can be significantly broadened (~2 V — ~3.5 V) as
a result of intramolecular bonding.
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Figure 39. ESWs of (a) GLY- and (b) DMSO-based electrolytes determined
by LSV tests at 100 mV s~ and 1000 rpm of RDE.

To understand the improved stability and the rearrangement of H-bonding
in electrolytes, Raman spectroscopy in the OH stretch region was employed
(Fig. 40). Vibrational spectra of water in the OH-bonds stretching region
(2800—3800 cm™") are very complex because of the presence of symmetric and
asymmetric vibrations and Fermi resonances. In addition, these bands are
perturbated by hydrogen bonding interactions. In this spectral region aqueous
1 M NaNO;s consists of three distinctive bands at 3262 cm™ (band 1), 3451
cm™' (band II), and 3599 cm™' (band III). Band I is dominated by Fermi
resonance resulting from the intramolecular (coupling between the OH
symmetric stretching and the overtone of the HOH bending) and inter-
molecular vibrational coupling (mutually interacting water molecules). Band
IT is characteristic of asymmetric fragmentary hydrogen bonding of water
molecules. Band III is associated with stretching of OH which forms no
hydrogen bonds.!”® The introduction of DMSO (Fig. 40 a) into the solution
resulted in two additional peaks attributed to symmetric (2925 cm™) and Fermi
resonance interaction band coupled with asymmetric stretching vibration
(3012 cm™) of CH; groups. In the case of glycerol (Fig. 40 b) the peaks were
assigned to symmetric (2886 cm ') and asymmetric stretching of CH, coupled
with Fermi resonance bands (2945 cm™'). Subsequent deconvolution of the
spectra produced 3 peaks in the studied region until the threshold of 40 mol%
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and 25 mol% was not reached for GLY and DMSO series, accordingly. The
intensity of the band III is reduced with the increasing molar fraction of co-
solvent indicating decreased relative population of very weakly H-bonded
water in the hydration shell. In the region of the OH stretch band I a noticeable
decrease in intensity is observed for glycerol and even more so for DMSO. It
is important to note that the contribution of OH groups is unquantified in
present analysis, hence, the higher intensity of band I is highly likely due to
the presence of OH in the co-solvent itself. Generally, lower intensity of band
I could be attributed to reduced intra- and inter-molecular vibrational coupling
of water in the hydration shells of co-solvents.
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Figure 40. Raman spectra of (a) DMSOx and (b) GLYx electrolytes between
2750 and 3750 cm™".

The calculated ratios of the areas under the bands I and II presented in
Fig. 41 a agree well with the earlier observations, implying that water was
efficiently bound by co-solvent molecules. A deeper look into the band shifts
(Fig. 41 b) provides the essential insights about perturbations in water
bonding. Both O-H stretching bands are shifting towards low frequency
wavenumbers at X < 25 mol% and X < 40 mol% for DMSO and GLY,
respectively. The red shift is  indicating the strengthening of the
intermolecular hydrogen bonds at the expense of weakening of the
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intramolecular O-H stretching.!”! This is a result of stronger H-bonds forming
between water and co-solvent than other water molecules. Hence, as the
critical threshold is reached, co-solvent molecules do not replace water in
“orderly” tetrahedral structure, but dismantle it leading to the severed
connection between co-solvent and water.!”? Literature suggests that
IDMSO-2H,0 aggregates with strong H-bond networks between water
molecules are dominant in water-rich DMSO solutions.!”® The shift of the
wavenumbers in the opposite direction is assumed to be indicative of
transition when 2DMSO-1H,0 aggregates prevail over IDMSO-2H,0 in the
electrolyte solutions. Glycerol-water mixtures exhibit very similar band
shifting trends, presumably, also caused by the changes in prevailing
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Figure 41. (a) Ratio of I and II calculated areas and (b) I and II band
wavenumber shifts.

Half-cells

The benefits of employing co-solvents are best illustrated by the
electrochemical performance investigation. Fig. 42 a-b shows the GCD curves
at a charge rate of 1C. The initial capacities as well as capacity retentions after
200 cycles are presented in Fig. 42 c. The results show that introducing more
co-solvent results in better capacity retention in the range from 10 to 50 mol%
for DMSO and from 10 to 40 mol% for GLY series. The retained capacity
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after 200 cycles has greatly increased from 28% (without crowding
compound) to 88% and 95%, respectively. The increase in GCD cycling
stability is believed to be due to suppression of the detrimental water-assisted

reactions:

2Na;3Tiz(P04)3 + 02 + 2H,0 — 2NaTi2(PO4)3 + 4Nat +40H™ 5)
and

2H;0 4+ 2e~ - Hy+ 20H™ (6)

Both reactions are responsible for the local pH increase and are
contributing to the irreversible capacity fade.'”” The mitigation might be
happening due to restricted access to the inner double layer surface and
unavailability of the adsorption sites as they are occupied by co-solvent
molecules. Alternative explanation would be the inhibition of water
decomposition due to stronger hydrogen bonds formed between water and co-
solvent than in-between water molecules.!”®

An opposite behaviour was observed once the threshold of the co-solvent
has reached 60 mol%; where rapid capacity deterioration ensued for DMSO-
H,O electrolyte. The electrode was observed post mortem and it was revealed
that substantial swelling and delamination from the stainless-steel mesh took
place. Solubility of PVDF in DMSO have only been reported at elevated
temperatures; however, it is highly possible that once a certain level of ‘free’
DMSO is reached, the gradual dissolution of electrode occurs causing
unpredictable capacity loss.!”” The prolonged exposures to unbounded DMSO
during GCD cycling led to swelling of the PVDF. Changes in volume
occurring during swelling conditioned the loss of the contact with a metal
mesh. The galvanostatic cycling experimental setup used for this investigation
was not suitable to characterize 60GLY, a sample with high viscosity and
resistance, at the rate of 1C.
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Figure 42. Galvanostatic charge/discharge cycling performance in (a) DMSO
and (b) GLY series a 1C rate and initial capacity with capacity retentions
after 200 charge/discharge cycles of (¢) DMSO and (d) GLY.

The enhanced cyclability has been further confirmed by NMR
investigation. The most representative electrolytes were collected after GCD
cycling investigation and examined for the presence and concentrations of
phosphates - a signature sign of electrode degradation as a result of
electrochemically catalysed dissolution, which could be described by reaction:

NaTi,(PO,); + 80H ~ — 2Ti(OH), + Na* + 3(P0,)%" (7)

The results in Fig. 43 suggest that less deterioration occurs when co-
solvent is present. Notably, there is no linear correlation between
concentration of phosphate species and the fraction of substituted water,
which repeatedly confirms the synergetic effect of a few simultaneously
happening processes on suppression of NTP dissolution. Interestingly, greater
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dissolution was observed in the samples with better capacity retention,
implying that chemical dissolution is only partially responsible for the
capacity loss in aqueous environment. Further deterioration is assumed to be
due to the disruption of electronic pathways inside the electrode as a result of
formation and growth of interphasial layers. Raman spectroscopy
investigation (Fig. 41 b) suggested that DMSOx forms stronger intermolecular
hydrogen bonds than GLYx at substitution levels lower that 25 mol%, thus,
are more resistant to electrochemical water splitting and subsequent
degradation of the active material.
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Figure 43. NMR-determined concentration of (PO4)* ions in electrolytes
after 200 cycles of GCD. Estimated using 60 mM/L ADP solution in H>O.

More benefits of improved stabilities are revealed in a self-discharge (SD)
study (Fig. 44 a-b). Introducing the co-solvent contributes to significantly
prolonged SD times for DMSOx (from 23 h to 160 h at x=50) and even more
so for GLYx electrolytes (from 23 h to 865 h at x = 50). The gradual
consumption of charge in the charged state in water-based batteries is mostly
attributed to the diffusion of ions and/or previously mentioned reactions with
water itself.!!! While substituting water with DMSO alleviates only the
effects arising from contact with water, glycerol alters stability by additionally
impeding the diffusion-controlled Faradaic reaction. Higher viscosities of
GLY slow down diffusion of interphasial charges and result in slower charge
redistribution.!”® SD duration dependence on the degree of water substitution
is presented in Fig. 44 c-d. Though both electrolytes seem to positively affect
the stability, the slope values reveal that reorganized networks of hydrogen
bonds work better when accompanied with transport restriction of charged
species.
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Figure 44. Self-discharge profiles for (a) DMSO and (b) GLY series, and
plotted dependence of SD time on water fraction in DMSO (c) and GLY (d)
electrolytes.

As the effect of hybrid electrolytes on negative electrode was established,
the question is if it bears the same benefits for cathodes and overall battery
performance. Electrochemical study with a Na;V,(POs),F3; (NVPF) cathode —
highly unstable in aqueous media - was carried out in the best-performing
electrolytes from both series (DMSO50 and GLY50). Fig. 45 presents the
results of GCD cycling for NVPF electrode. The results suggest that although
the capacity decays at a much slower rate (Fig. 45 a) when a co-solvent is
present, the overall stability (Fig. 45 b) is far from satisfactory (from 2.7% to
12.6% and 30.5 %). Moreover, the initial capacities (Fig. 45 b) are far from
the theoretical (128 mAh/g) value. Apparently, decreased water activity does
not contribute sufficiently to suppressing the dissolution of vanadium into
electrolyte. It is concluded that further manipulations with electrolyte in order
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to control water activity are needed to enable the full potential of NVPF
electrodes in ASIBs.
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Figure 45. (a) GCD cycling performance of NVPF electrode in in different
electrolytes at 1C rate and (b) initial capacity with (c) capacity retentions
after 200 charge/discharge cycles.

The same investigation was performed with Na; ssFe[Fe(CN)s] - 2.28H,O
(NaFeHCF) — a cathode material that has proven to be more stable in aqueous
systems. As in the previous investigation, the positive effect on stability was
revealed (Fig. 46 a). All three samples delivered similar initial capacities
(Fig. 46 b); however, their cycling stability was extremely different. DMSO50
has increased the capacity retention from 38.7% to 73.7% and GLY50 to
108%. A repeated GLY50 GCD cycling experiment confirmed that there is a
slight upward trend in capacity values. It might be that the suppression of OER
allows to reach the Fe’'/Fe’* reaction which often overlaps with oxygen
evolution. The additional capacity comes from this electrochemical reaction.
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Figure 46. (a) GCD cycling performance of NaFeHCF electrode in different
electrolytes at 1C rate and (b) initial capacity with (c) capacity retentions
after 200 charge/discharge cycles.

Full cells

The full cell investigation was inspired by optimistic results of GCD
cycling of NTP and NaFeHCF in half-cells. Coin cells were assembled
following a procedure described in experimental section with surplus positive
electrode (NaFeHCF (capacity) /NTP(capacity) = 1.33 - 1.36). The overcapacity of
cathode is meant to mitigate the parasitic reactions and ensure decent cycling
stability for this experiment.'” This is not ideal in terms of battery design as
unnecessary deadweight is introduced into the system; however, it is more
suited to demonstrate the effect of co-solvent electrolytes.

Fig. 47 demonstrates the differences in GCD cycling performance
between different cathode/anode ratios in full ASIBs in the cycling range of
0.01 — 1.7 V. It is obvious that excess of cathode has beneficial effect on the
discharge capacity as well as on the Coulombic efficiency of the assembled
full cells. The sample with anode overcapacity (green) is characterized with
lowest output capacity and remarkably low efficiency of 27% after 100 cycles,
indicating that parasitic side reactions are dominating the charging stage of
battery cycling. Batteries with cathodic overcapacity (yellow and orange)
demonstrate more or less similar electrochemical behaviour; however, sample
with higher P/N ratio exhibits better discharge capacities and higher efficiency
(88% vs 79%).
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Figure 47. GCD cycling performance of NaFeHCF/NTP full-cell with
different cathode/anode ratios at 1C rate.

The GCD investigation of batteries in hybrid electrolyte solutions was
carried out using voltage ranges of 0.01 — 1.7/1.8/1.9/2 V in order to obtain
more data about cycling stability close to water splitting potentials (Fig. 48).
The sample cycled in purely aqueous electrolyte (Fig. 48 a) starts at efficiency
around 85% and very low discharge capacities, which improve with widening
the voltage cut-off; however, it gives a boost to oxygen related reactions,
which can be seen from dropping efficiency. At the end of charging, the
parasitic reactions seem to have triggered rapid deterioration. While at low
voltages the effect of DMSO (Fig. 48 b) is not too obvious, the ranges of 0.01
— 1.9 V and 0.01 — 2.0 V reveal substantially improved efficiencies (~85%)
and great discharge capacity of more than 90 mAh/g. DMSO25 (Fig. 48 ¢)
and DMSO50 (Fig. 38 d) both show enhanced efficiency in the entire range
of voltages. DMSOS50 achieves efficiency close to 100% in the initial step of
voltage ramp cycling, and climbs up to 93% in the range 0.01 — 2.0 V. The
results described above are as expected and in good agreement with previous
investigations of water activity in hybrid electrolyte solutions revealing a great
potential for co-solvents in electrolyte-starved cells, such as those produced
commercially.
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Figure 48. GCD cycling performance of NaFeHCF/NTP coin cell in (a) H>O,
(b) DMSO10, (¢) DMSO25, and (d) DMSO040 electrolytes at 1C rate.

Investigation with GLY series is presented in Fig. 49. The main trends
seem to be the same, but efficiency in glycerol-based electrolytes seems to
drop with each voltage cut-off and grows within 32 cycles. This indicates a
larger input of side reactions during cycling. This, perhaps, might be explained
by greater viscosities of this electrolyte solution series and more air dissolved
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in it as a result. Despite that, efficiency higher than 90% is still achieved for
GLY50 with 95% recorded in the range of 0.01 — 1.9 V. Similarly, to anodes,
full batteries in GLY series are characterized by lower discharge capacities (~
80 mAh/g based on anode for GLY50) which could be attributed to diffusion
limitations induced by the higher viscosities.
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Figure 49. GCD cycling performance of NaFeHCF/NTP coin cell in (a) H>O,
(b) GLY10, (¢) GLY25 and (d) GLY40 electrolytes at 1C rate.
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Capacity balanced full-cells

In the previous section we showed that in full cells the effect of ORR
becomes more pronounced with approaching the equal negative and positive
electrode capacities. Though overcapacity of cathode is a reliable way of
mitigating the ORR and consequent capacity degradation, it is highly
impractical in terms of the deadweight introduced to the battery and higher
manufacturing costs. The introduction of strong reducing agents, such as
hydrazine, could help to achieve the balanced cells with N/P=1 by reducing
the dissolved oxygen in electrolytes. Hydrazine (N,H4) has been widely used
in industry as an anticorrosive additive due to its oxygen scavenging
properties. Although it is labelled as a hazardous substance, it is considered
relatively safe at low concentrations in aqueous solutions. Moreover, it is a
sacrificial agent as it fully consumed when used in a well-sealed system.'*" In
the aqueous cell hydrazine contributes to increased stability by reacting with
dissolved oxygen:

N,H, + 0, - 2H,0 + N, (8)

and by reducing the carbonyl or epoxide groups present on the surface of
carbon:'®!
N,H,+ > —C = O (surface) & > —CH, (surface) + H,0 + N, )

N,H,+ > —C — 0 — C (surface)
& > CH = CH — (surface) + H,0 + N, (10)

Initially, the potential profiles are recorded for the first charging cycle of
the negative and positive electrodes in order to determine the optimal amount
of hydrazine in standard sulphate aqueous electrolyte between 0, 0.01, 0.02,
0.1, 0.15 mol%. The results presented in Fig. 50 indicate that increased content
of N,Hj affects the potential profiles in several ways. First of all, open circuit
potential (OCP) gradually shifts to more negative regions. Secondly, increased
content of hydrazine contributes to the disappearance of a feature at -0.6 V vs
MSE, which is attributed to the reduction of carbonaceous phases, once the
N2H4 concentration threshold of 0.02 mol% is reached. Moreover, higher
amounts of hydrazine lead to prolonged times required to reach the cathode
potential plateau and shorter times required for anode potential to reach the
plateau. The shift of OCP potential and a disappearance of the plateau are
interlinked and can be explained by chemical reduction of the carbon surface
by hydrazine. The variation of cathode potential, in turn, could be attributed
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to the electrooxidation of the hydrazine. It has previously been reported that
unprotonated form of hydrazine is electroactive, while its protonated
counterpart (N,Hs") is inactive with pKa of 8.2."% This means that some
fraction of dissolved hydrazine in neutral aqueous electrolyte might undergo
electrooxidation:

N,H, — N, + 4H* + 4e~ (11)

This reaction contributes to more acidic environment and results in
protonation of hydrazine, hence, making the reaction self-limiting. This
suggests that excessive amount of hydrazine in electrolytes could be the cause
of unfavourable equilibrium and pose no beneficial effects for the
electrochemistry of full cells. Based on these results, 0.1 mol% of hydrazine
was deemed an optimal concentration and chosen for the following
investigations in this section.

0.0

-0.2 4

04q N
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Figure 50. Charging profiles for anode and cathode in symmetric NVTP full
cells in the first cycle recorded in 1 M Na,SO4 (aq) at 1 C rate and different
hydrazine concentration.

In this part, hydrazine is employed as a reductive agent in symmetric full
NVTP|NVTP cells. For this investigation, symmetric full NVTP cells were
assembled with 6 different water-based or hybrid electrolytes. The
composition of these electrolytes is summarized in Table 4.
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Table 4. Nomenclature and composition of electrolytes.

Sample id S7 S7 HZ S10 S10 HZ | DMSO lelszof
Salt 1M 1M IM M 1M 1M
Na,SO, | Na,S0O, | Na,80, | Na,s0, | NaNO, | NaNoO,
PH 7 7 10 10 - -
Buffer ) ) Sodium Sodium ) )
borate borate
. 0.1 0.1 0.1
Hydrazine ) mol% ) mol% ) mol%
Co- DMSO DMSO
solvent 50 mol% | 50 mol%

The results in Fig. 51 compare GCD performance of samples without
hydrazine (a) and with hydrazine (b). Rapid capacity decay during the first
cycles for hydrazine-free aqueous electrolytes (Fig. 51 a) is occurring in the
absence of excessive capacity in cathode, which could compensate for the
charge consumed by parasitic reactions at the anode. The remaining capacities
make up only 30% and 9% of initial capacities for samples S7 and S10,
respectively. The presence of parasitic reactions is further corroborated by low
initial CE in these electrolytes. In case of S10, however, CE remains low
throughout all 100 cycles. While increased pH contributed to high and stable
coulombic efficiency of NTP electrode in pH investigation (Fig. 35 ¢), raising
pH value in full balanced cells does not prevent capacity decay. As expected,
the sample, containing 50 mol% of DM SO showed decent stability (80%) and
high CE. This agrees well with the results of previous section, in which
benefits of co-solvents were discussed in detail. Interestingly, introducing 0.1
mol% of hydrazine into DMSO electrolyte has brought up capacity retention
of the full cell to unpreceded value of 97% (Fig. 51 b). This can be explained
by synergetic effect of limited access of oxygen towards the surface of
electrode provided by DMSO and less oxygen species due to the reduction by
hydrazine. Hydrazine has also substantially improved capacity retention of
both S7 HZ (from 30% to 53%) and S10 HZ (from 9% to 75%), which
confirms successful suppression of ORR and other parasitic reactions.
Notably, 0.1 mol% of hydrazine helps to achieve the stability provided by
employing 50 mol% of DM SO, emerging as another promising route to design
stable and well-performing cells. The rapid growth in coulombic efficiency
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values of these samples speak further in favour of using oxygen scavenging

agents.
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Figure 51. GCD cycling of symmetric NVTP full cell in (a) hydrazine-free
and (b) hydrazine-containing electrolytes.

NVTP as well as NTP suffers from oxygen reduction reaction leading to
self-discharge in aqueous electrolytes. The reaction occurring between NVTP
and oxygen can be written as:

NasTiV(PO,); + O, + 2H,0 o
& Na,TiV(PO,); + Na* + 40H" (12)

In this study the process of self-discharge in symmetric NVTP capacity
balanced cells is investigated. The cells, in which investigation is performed
are considered to be airtight and all used electrolytes were naturally aerated.
It is noteworthy, that no additional precautions were taken to prevent oxygen
access to the cell during measurements. The cells were charged to 1.3 V at 1C
rate and left at open circuit conditions to monitor the changes in the voltage
which are presented in Fig. 52. The results indicate that the addition of
0.1 mol% of hydrazine in electrolytes has positive effect on the duration of
self-discharge of all samples. In case of S 7 (Fig. 52 a) self-discharge time
almost doubled with the introduction of reductive agent (from 5 h to 9 h). The
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buffering of electrolyte at pH = 10 had a similar effect (Fig. 52 b). However,
the addition of hydrazine resulted in more than double increase in the time cell
remained charged (from 9 h to 24 h). Due to restricted water activity in DMSO
containing sample, the self-discharge time was much longer (155 h) indicating
effective suppression of parasitic reactions (Fig. 52 ¢). Additional hydrazine
contributed to further increase in charged state stability (~200 h), which
explains the outstanding GCD performance results of this sample.
Concluding, the benefits of reductive agent for the overall electrochemical
performance are evident.
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Figure 52. Self-discharge profiles of symmetric NVTP full cells in different
electrolytes.

3.2.3. Organic solvent-based electrolytes

Organic electrolytes are free from oxygen and hydrogen evolution
reactions; hence, they can operate over a broader voltage range compared to
aqueous electrolytes.'®® This wider electrochemical stability window allows
for higher energy densities in batteries making organic electrolytes suitable
for applications requiring compact and lightweight energy storage solutions.
Additionally, many high-energy electrode materials, such as lithium and
sodium, are more stable and/or perform better with organic electrolytes.'®
These benefits served as a motivation to characterize electrodes in water-free
environments not plagued by the parasitic reactions brought by water to reveal
the full potential of the electrodes.

Initially, electrochemical performance of NTP-based anode was
investigated in conventional 1 M NaPFs in propylene carbonate (PC) against
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sodium metal (Fig. 53). A good cycling stability is observed when electrode
is cycled in the typical voltage range for aqueous electrolyte (92%); however,
when one more redox plateau is allowed by decomposition-resistant
electrolyte the stability is not so great (62%). Initial capacities are reaching
89% and 80% of theoretical capacities, accordingly.
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Figure 53. GCD cycling performance of NTP electrode in 1 M NaPFs.

Charge-discharge curves in Fig. 54 a-b show presence of all expected
plateaus for both samples. There are indications of some irreversible process
occurring during discharge (the disappearing feature at 2.1 V). Additionally,
electrolyte decomposition propelled formation of solid electrolyte interphase
(SEI) layer resulted in polarization and redox potential shifts visible for both

samples.
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Figure 54. Voltage profiles of GCD cycling in the ranges (a) [1.75 — 2.4 V]
and (b) [0.2 —2.4 V] vs Na/Na".

Characterization in another common salt - NaTFSI - resulted in

extraordinary cycling stability of 100% (Fig. 55) for [1.75 — 2.4 V] cycling
range, but lower initial capacity of 89 mAh/g. However, such stability was
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absent at the extended cut-off and capacity retention barely reached 62% and
the initial capacity was 183 mAh/g.
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Figure 55. GCD cycling performance of NTP electrode in 1 M NaTFSIL.

Voltage curves of GCD cycling are presented in Fig. 56. Interestingly,
minimal potential drift is observed in Fig. 56 a, indicating the presence of
phenomenon other than SEI formation directly affecting the initial capacity of
the electrode.'® Both plateaus of extended cycling range, peculiarly, seem to
shrink as the GCD progresses. This might be attributed to the loss of contact
due to chaotic SEI formation or irreversible changes brought by cycling at
higher voltages.
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Figure 56. Voltage profiles of GCD cycling in the ranges (a) [1.75 — 2.4 V]
and (b) [0.2 —2.4 V] vs Na/Na".

In OSIBs, electrolyte additives are used to control the degradation of
electrolyte and formation of SEI. Two commonly utilized electrolyte additives
are 1,3-propane sultone (PS) and fluoroethylene carbonate (FEC) which act as
stable SEI promoters.'®'¥" Stable SEI bears several benefits for the system:
prevents continuous electrolyte decomposition, reduces unwanted side
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reactions, reduces gas evolution and promotes safety and stability of the
battery.'s®

5 vol% of each additive were added into 1 M NaPFs and 1 M NaTFSI in
order to investigate if it would improve electrochemical performance. In case
of NaPFs (Fig. 57), introducing FEC had virtually no effect on initial capacity
(approx. 120 mAh/g) or capacity retention. Addition of PS, however,
contributed to rapid capacity fade, most probably, due to the reaction between

the additive and the active material.
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Figure 57. GCD cycling in 1 M NaPFs organic electrolytes.

Similarly to the study of NaPFs, NaTFSI based electrolytes (Fig. 58)
showed best initial capacity with FEC or PS as an additive (~120 mAh/g) or
without any additives at all. Pure PC, however, showed excellent stability of
100% upon cycling. In terms of capacity retention, FEC also performed pretty
well (96%), but PS-containing electrolyte showed steady decay of capacity,
loosing around 23% of initial capacity in 100 cycles.

150 +

=t 10
2 et 100
<
<‘(E 120 | 96 - 80
5 1007 g0 %
5 90 i
o] O
Q. 77 | 40
S 60 Coin cell [1.75 - 2.4 V] vs Na/Na*
Do PC PC+PS ® PC+FEC - 20
1%
a 30 ‘

0 25 50 75 100

Cycle No

Figure 58. GCD cycling in 1 M NaTFSI organic electrolytes.

This investigation indicates, that, although organic electrolytes are less
problematic in terms of parasitic reactions, aqueous electrolytes can reach
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similar and, sometimes, even better results with right manipulations, which
further underlines their potential in stationary energy storage applications.

3.2.4. Summary

In this part of the work, water-based electrolytes for aqueous sodium-ion
battery cells were prepared and characterized in great detail. The obtained
results are summarized as:

e Chemical oxygen reduction reaction catalyzed by Ti" present in the
charged state Nas;Ti»(POs); is identified as the main parasitic reaction
responsible for self-discharge and pH increase in aqueous electrolyte
solutions. Hydrogen evolution is also important, especially at low O,
concentrations and C-rates. The removal of oxygen and pH buffering are
beneficial for the capacity retention of NaTiy(PO4); electrodes during
cycling. Acidic environment (pH = 4) results in decent capacity retention
but low Coulombic efficiency. Neutral environment (pH = 7) results in
excellent capacity retention but reduced Coulombic efficiency. Alkaline
environment (pH = 10) is good for suppressing hydrogen evolution and
high Coulombic efficiency but low capacity retention.

e Alkaline environment is shown to be the main cause of degradation
for NaTi2(POs); electrodes resulting in capacity loss. The EDX, XRD, and
NMR analyses show that capacity loss is not directly related to Ti
dissolution into the electrolyte. The results suggest that capacity loss in
NaTix(PO4); electrodes is mainly caused by the formation of insoluble Ti-
rich interphase which blocks the electrochemical reaction.

e The implementation of organic co-solvents such as glycerol and
DMSO results in significant rearrangement of the hydrogen bond network
in aqueous systems reducing relative water activity. The electrolytes with
organic co-solvent show decent conductivities and salt solubility. The
reduction of water activity results in significantly wider electrochemical
stability window. This supresses the parasitic reactions such as hydrogen
and oxygen evolution resulting in longer self-discharge times and
significantly better capacity retention of NaTi»(PO4); electrodes during
cycling.

e Full cells containing NaTix(PO4); and Na, ssFe[Fe(CN)s] - 2.28H,O
Prussian Blue Analog also benefited from the addition of co-solvents. The
results show that wider cycling voltage windows and significantly better
capacity retention is achieved in such electrolytes.
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e The introduction of small amounts of reductive agents such as
hydrazine into aqueous electrolytes was shown to effectively scavenge
oxygen and supress parasitic reactions such as oxygen reduction. This
procedure allowed to prepare capacity balanced (N/P=1) Na;VTi(PO4)s—
Na,VTi(POs4)s full cells with good capacity retention.

e The use of completely organic electrolyte solutions with much wider
electrochemical stability window enables to achieve the full charge
capacity of NaTiy(POa); electrodes reaching the Ti**/Ti*" redox. However,
the obtained cycling stability are similar to the best results obtained using
fully optimized aqueous-based electrolytes.
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3.3. Electrode composite binders for aqueous batteries

The primary function of an electrode binder is to provide cohesion
between the active materials and carbon additive and adhesion of the electrode
to the current collector. Typically, polymeric binders bear no additional
electrochemical benefits for the electrode. Typical binders are polymeric, and
represent one of the major components of an electrode. It has been shown that
binders affect the processes of ageing and irreversible capacity loss in
batteries.'® "' Some of the major reasons for the rapid degradation of an
electrode is poor interconnectivity, self-agglomeration of active materials and
delamination of electrode components from the current collector. The
discovery and development of an optimal electrode binding materials appears
to be a challenging task as there is an impressive list of requirements for a
potential binder. Among the properties that have to be taken into consideration
are: solubility in safe solvents and no or minimal swelling after curing,
electrochemical stability, moderate flexibility, good binding properties at high
solid contents, and, in perfect scenario, adhesion to metal substrates in non-
aqueous media.'”!

The binding as a function of polymer arises from either chemical (direct
binding) or physical (indirect binding) interactions (Fig. 59). In direct or
covalent binding strong adsorption of polymeric matrix onto the active
material takes place. The interparticle bridges are created by reactive
functional groups such as hydroxy (-OH), carboxy (-COOH) groups which are
attached to the polymer backbone. Indirect binding occurs in the absence of
functional groups through mechanical/physical adsorption on the surface of
active materials. In this case binder initially forms a network and then captures
the material particles in it."”* Both binding strategies have been successfully
implemented in LIBs and SIBs; however, the covalent binding has not been
widely studied in aqueous media. In this work both covalent and noncovalent
binders are studied in NTP-based negative electrode in aqueous electrolytes.

ACTIVE MATERIAL

DIRECT (COVALENT) INDIRECT (NONCOVALENT)
BINDING BINDING

Figure 59. Schematic representation of different binding mechanisms.
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3.3.1.

Indirect (noncovalent) binders

As arule, the concentration of functional groups and the presence of side

chains/branches are major contributors to the binding ability. Hence, indirect

binding requires a comparatively larger amount of binder to achieve the levels
of adhesion similar to that of direct binding, which is attributed to the necessity
to form a strong inert network of polymer which creates structural integrity by

immobilizing conductive carbon and active material.'”® Nonetheless, some of
the most widely used binders are PTFE and PVDF - exceptionally unreactive
polymers. While it might be considered a drawback, no reactive functional

groups ensure minimal/no swelling in aqueous electrolytes. Table 5
summarizes indirect binders which were tested in NTP electrodes. In this this
chapter we focus on indirect binders that satisfy at least some of the

requirements for the polymers in aqueous batteries: polyvinylidene fluoride,

polyimides, and ethylene-co-vinyl-acetate copolymer.

Table 5. Indirect polymeric binders tested in NTP electrodes.

Adhesion Adhesion
. - to metal
Binder Structure Solvent | Binding | to metal u Remarks
in water pon
cycling
Very brittle,
Polyvinylidene o cracks on
fluoride %ﬁ i Toluene | + - - the drying
stage
Very brittle,
Polycaprolactone M} Toluene - g:‘zl;;if;
! stage
.\ Film is
Poly(pyromellitic . difficult to
dianhydride-4,4"- @ﬂ@} NMP + + - transfer onto
oxydianiline) ¢ ° : mesh
Poly(naphthalene
-tetracarboxylic | , .
dianhydride-4,4"- {» 8’8 OO NMP + Very brittle
oxydianiline) ¢ ’
H Complicated
Poly(ethylene- A Hot
vinyl acetate) toluene + + + pii;catrra‘f’t(iizn

Polyvinylidene fluoride

Currently, most state-of-the-art aqueous battery electrodes are processed
using fluorine-containing polyvinylidene fluoride (PVDF) with structural
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formula presented in Table 5. Despite the undeniable advantages such as great
mechanical properties, oxidation-reduction resistance, this market-
dominating binder is associated with a number of safety and environmental
red flags. The most concerns arise due to organic solvents such as toxic N-
methyl-2-pyrrolidone (NMP) being present in slurry formulations.” This,
once again, emphasises that switching to alternative binders might be required
in the future in order to smoothly transition research advances into
manufacturing lines.

Apart from the environmental issues, PVDF is also troubled by a major
drawback - lack of adhesion to the metal substrate in aqueous media. This,
consequently, introduces an additional step of mechanical transfer onto
stainless steel mesh. All additional manipulations with the electrodes
contribute to the overall cost of production, hence, should be avoided. The
adhesive strength between the coating and the substrate can be increased by:
mechanically altering the substrate, introducing new polar interactions with
the bonding agent or establishing new chemical bonds with the help of an
adhesion promoter.'” The use of adhesion promoters is, probably, the most
versatile technique to achieve increased adhesion, as they can both enhance
the bonding strength either through chemical reactions with the phases present
or through altering the critical surface tension. The literature review on the
topic revealed a promising family of coupling agents able to withstand the
attack of water on the adhesive bond and prevent the delamination.
Organosilanes are frequently used as adhesion promoters for paints, inks,
coatings, and adhesives. These chemicals, characterized by a general structure
of four substituents attached to a single silicon atom, act as the
bonding/bridging agents in the interphases between organic and inorganic
substrates to ensure better adhesion between two dissimilar components.'®
Typically, silicon-based adhesion promoters have one organic group and three
inorganic-reactive alkoxy groups, which hydrolyze to silanols in presence of
residual moisture on the surface of inorganic component. Subsequently, the
coordination with metal -OH groups occurs to form an oxane bond with
elimination of water (Fig. 60).'"
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Figure 60. Scheme of silane bonding to inorganic surfaces.
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Depending on the chemical reactivity in the polymeric component,
matching reactivity of the silane can be adjusted by choosing an appropriate
coupling agent. In cases when polymer exhibits no reactivity (e.g. PVDF) the
bonding to the polymer becomes challenging. Peculiarly, improved adhesion
is still observed for such polymers. Enhanced bonding is best explained by
interdiffusion of the binder into the siloxane matrix and formation of
interpenetrated network (IPN) at the interphase area.'”” The condensation of
silanols results in a multimolecular structure of crosslinked siloxane on the
inorganic substrate. The structure is dense in proximity to the surface and
becomes more diffused as the distance to the surface is increased (Fig. 61).
The formed grid allows polymers to diffuse into the structure where
strengthening of the bonding takes place through physical and/or electrostatic
effects. In the following investigation, 6 different adhesion promoters from
silane family were added to the standard formulation with PVDF polymer
(Table 7).
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Figure 61. IPN formed between silanes and polymers.

Initially, dry and wet peeling tests were performed to evaluate the effect
of additives. Dry peeling test was carried out immediately after casting a film
on a stainless-steel foil, and wet peeling test was performed after 24 h and
168 h of soaking the electrodes in water and subsequent 5 min sonification.
The results are summarized in Table 6. AP1 and AP5 did not pass neither dry
nor wet peeling tests both at lower (1 wt%) and higher (5 wt%) contents of
coupling agents. Given the non-reactive nature of PVDF, one can assume that
the organic ligands did not form an efficient network to enhance adhesion.
Similar situation is observed with AP3. In this case, however, bad adhesion
can be explained by the absence of organic functional group, which is

&3



supposed to participate in IPN network, however, has 4 groups capable of
bonding to the inorganic substrate.

Table 6. Silanes used as adhesion promoters and results of the initial

investigation.
Wet Wet

Silane Structural formula ‘;ﬁ Dr}; peel | peel

® | P | 24n | 168N
- - N\ Lo 1% | - - -
N-[3-(Trimethoxysilyl)propyl] B \Si 2T 0
ethylenediamine (AP1) T W NP W \0 0
T A - - -
Ny
; ; 1% + +- +-
3-(Trlethoxysdyl)propyl C&“\/\/\s\/a\/
1socyanate (AP2) oF \ .
_/ 5% + + +
\0 1%
Tetramethyl orthosilicate o/ 0 - - -
Si,

(AP3) Dats VA T B
(3-Aminopropyl) \/o\ /\/\N"‘l 1% | +- 4o 4
triethoxysilane (AP4) /5'\\

VA N 5% | + | + +

Trimethoxyphenylsilane \O 1% _ _ _
(APS) s

N 5% | - - -

[3- (2.3-Epoxypropoxy)- ° ‘? : 1% + + +
propvl]-trimethoxysilane o\/\/?‘fo

(AP6) o 5%

The electrodes with silanes that passed the wet peeling test were prepared
for electrochemical characterization. GCD cycling was performed for both
electrodes transferred onto stainless steel mesh and those casted directly onto
stainless steel foil. The cycling with mesh as a substrate (Fig. 62) showed
lower initial capacities for the samples AP2, AP4, AP6 with adhesion
promoters (77, 70, 63 mAh/g) than for the sample with just PVDF (91 mAh/g).
The addition of coupling agents has also negatively influenced the capacity
retention after 100 cycles (from 80% o 56/64/76%). These findings might
suggest that some of the coupling agent binds to the surface of inorganic active
material and somehow hinders the transport of charged species to the particles
of active material. Another possible explanation could be increased resistance
due to the formation of insulating film on the surface of NTP. The overall
GCD performance on mesh is, however, comparable with that of samples with
insufficient carbon coating.
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Figure 62. GCD cycling performance of NTP-based electrodes with different
adhesion promoters on a stainless-steel mesh.

When the same experiment is performed with samples on stainless steel
foil (Fig. 63), all three samples show at least some capacity, compared to the
pure PVDF containing sample, which delaminated from the current collector
even before the first GCD cycle. This indicates an improvement in adhesion
to the current collector. The initial capacity was similar for AP4 sample (69
mAh/g), however, AP2 and AP6 showed much lower initial capacities (49
mAh/g and 35 mAh/g) than the same sample on mesh. Rapid capacity decay
was observed for AP4 and AP6 samples and a steady loss of capacity was
recorded for AP2 sample. Post mortem investigation of the electrodes revealed
that none of them remained fully attached to the surface of current collectors.
It is unclear if the degree of delamination directly correlated with the
remaining capacity after 100 cycles, but delamination itself is definitely
responsible for the initial rapid capacity decay which was not recorded for
samples on mesh. The best performing sample, AP2 must have undergone the
major part of delamination on the resting stage, when electrode was
submerged in aqueous electrolyte for two hours, and remained quite stable for
the rest of investigation. These results suggest that whilst silanes stay adhered
to inorganic substrates in the presence of moisture, the conditions of
electrolyte-flooded cell might be too extreme for them. Increasing the content
of adhesion promoters does not seem a viable solution as addition of 5 wt%
of binder already contributed to initial capacity loss, which is most probably
related to the formation of insulating surface film.
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Figure 63. GCD cycling performance of NTP-based electrodes with
different adhesion promoters on (a) stainless steel mesh and (b) stainless
steel foil at 1C rate in 1 M Na,SO4 (aq).

Polyimides

Electrochemically active polymers and other organic compounds are often
employed as active materials in Na-ion batteries. Polyimides, characterized
by high density of electroactive functional groups, have emerged as a
promising electrode material for rechargeable batteries.'”®  Exceptional
thermal stability ensures the stable structure even at fluctuating temperatures
— one of the critical aspects for battery operation.'” Moreover, polyimides
have presented great chemical resistance, which allows for longevity and
robustness in different environments such as battery electrolytes. Their
adhesive properties make them potentially suitable for the role as binders,
which would not be considered a deadweight, but rather contribute to the
overall electrochemical performance of the battery.*

It is important to note, though, that the final polyimides are solid and
mostly insoluble, hence, can only be used as binders in a form of dispersions.
The intermediate synthesis products, however, can be liquid and suitable for
this role. For the initial investigation, 4 different polyimides with redox
potentials lying in the same range as NTP materials were synthesized and their
electrochemical redox potential as well as stability in 1 M NaSOs4 were
evaluated using cyclic voltammetry. Synthesis parameters and initial
electrochemical analysis results are summarized in Table 7.
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Table 7. Synthesized polyimides and results of the initial investigation.

Polyimide Cyclic voltammogram Remarks
and precursors

Poly(4,4"-oxydiphenylene

. 8 + Liquid phase
romellitimide qudp.
124 ) 4 » Liquid phase has
2, adhesion to metal
o o) =__& f‘ + Not
0‘&»5{ 4 electrochemically
° 0 J”gﬁ 8 stable
o 0 d 4702770 0806 04 02 00
L ad Ewvs AglAgCl, V
1,4,5,8-
naphthalenetetracarboxylic ¢
dianhydride -derived 4 s * No liquid phase
polyimide 20 . +  Electrochemically
_‘_4 4 ’ stable
SO,
) . + /—/ -8
O o -1.47-172-1.07-0.87-0.6 -04 02 00 02
B g Evs Ag | AgCl, V
1,4,5.8- .
naphthalenetetracarboxylic
dianhydride -derived m4 =y » No liquid phase
polyimide - %0 — + Electrochemically
0 0 0@ g 4 h_ PR stable
T+ o
Q 5yt 1412 1008 -06-04-02 00 02
o 0 -

o Evs Ag | AgCl, Vv

Perylene-3,4,9,10- a
tetracarboxylic

dianhydride- derived 4 - Liquid phase has
olvimide o poor adhesion to
i e metal
4

) =
iota e Ticeall N
d @ W, b -8 electrochemically

15710 05 00 05 10 15 stable

‘\5} EvsAg |AgCl, V

+ Liquid phase

The results presented in Table 8 indicate that only poly(4,4'-
oxydiphenylene pyromellitimide) commercially known as Kapton (Fig. 64)
has both liquid phase stage during synthesis and good adhesion to the metal
current collector.
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Figure 64. Structural formula of Kapton.

Electrodes with Kapton were prepared for GCD cycling investigation. In
a standard formulation, with the polymer making up 10 wt% of the total
electrode mass, Kapton did not exhibit the same adhesion to metal substrate
as the pure Kapton film, hence, electrodes with 20 wt% of Kapton and 60 wt%
of active material were also prepared. Increasing the amount of binder twice
did not significantly improve adhesive properties. Both electrodes were
transferred onto mesh in order to investigate their GCD performance (Fig. 65).
The initial rapid capacity loss can be explained by electrochemical instability
of Kapton in water revealed by CV. The GCD profiles indicate, that despite
not providing desired adhesion, higher amount of binder contributed to
increased initial capacity of the sample (66 vs. 95 mAh/g). This could be
explained by the binding abilities of the polymer —no long aliphatic branches,
which create active material-capturing networks, are present, hence, the
binding capabilities are weaker comparing to the PVDF. Insufficient binding
might result in poorer electrode integrity and contact leading to lower initial
capacity of the electrode. The sample with 20 wt% Kapton exhibits cycling
stability inferior to PVDF (54 wt% vs. 79 wt%), it also comes with no
adhesion to metal in formulation, complicated preparation procedure,
decreased active material loading in the battery, hence, cannot be considered
a viable competitor to PVDF.
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Figure 65. GCD cycling performance of NTP-based electrodes with different
binders at 1C rate in 1 M Na,SOj4 (aq).
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Poly(ethylene-co-vinyl acetate)

Poly(ethylene-co-vinyl acetate) (PEVA) copolymer with structural
formula presented in Table 5 has been successfully used in hot-melt adhesives
(HMAs).?”! HMAs are a class of thermoplastic solids, which can be spread
onto substrates in their melted form at elevated temperatures and quickly
solidify upon cooling.?”* The unit structure of PEVA copolymers is comprised
of stiff and partially crystalline polyethylene domains, and flexible, soft vinyl
acetate. Generally, the adhesive properties of these copolymers are determined
by their vinyl acetate content. PEVA copolymer with 18% of vinyl acetate are
not limited to applications in hot-melts. They can be dissolved in certain
solvents (e.g. toluene) at elevated temperatures and potentially employed as
binders with great adhesive properties.

For this investigation electrode was prepared by a modified procedure:
active material and carbon were dispersed in PEVA solution obtained by
mixing PEVA granules in toluene at 60 °C. Hot dispersion was casted directly
onto stainless steel foil. Evaporation of solvent yielded a flexible and durable
electrode. It is obvious from the GCD cycling results presented in Fig. 66, that
PEVA-containing electrode exhibits superior capacity retention (86%)
compared to PVDF (21%). This confirms excellent adhesion of the electrode
to the current collector during cycling. Lower initial capacity (80 mAh/g)
might be attributed to imperfect preparational procedure: the mixing at
elevated temperatures could not be carried out in planetary ball-mill. Mixing
by magnetic stirrer could result in a less homogeneity of slurry than desired.
It is also possible that PEVA formed an insulating film on the surface of the
active material. However, with given cycling stability, lower initial capacity
does not outweigh the obvious advantages of great adhesion.
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Figure 66. GCD cycling performance of NTP-based electrodes with PVDF
and PEVA binders on stainless steel foil at 1C rate in 1 M Na,SOs (aq).
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3.3.2. Direct binders

The popularity of direct binders in organic electrolytes arises from the
reactive functional groups present at the backbone of these polymers. Reactive
groups such as -OH or -NH; tend to form bonds with appropriate surface
groups of inorganic materials and ensure excellent cohesion within the
electrode. Moreover, they are readily available as aqueous solutions or
dispersions, elevating preparational procedure to the new level of safety.?*
Unfortunately, the functional groups that are responsible for both good
adhesion and cohesion are the same groups that are promoting swelling in
water which is the main component of aqueous electrolytes. Once swelling
reaches a certain threshold, substantial changes in the volume of the electrode
will occur, resulting in electrode deformation and cracking during cycling.
Subsequently, battery lifespan is reduced due to the loss of contact or release
of active components into the electrolytes.”** 2% Swelling, in theory, can be
overcome by crosslinking. However, swelling reduction often comes at the
expense of adhesive properties. In this study, we investigated several direct
binders for the NTP electrodes. Table 9 summarizes the results of initial
investigation. Polyethyleneimine and poly(dopamine methacrylamide) did not
form even and uniform coatings with good integrity. Cellulose formed a film
with subpar homogeneity, showed substantial swelling even after crosslinking
with glutaraldehyde. PEVA dispersion with polyvinyl alcohol as emulsifier
also exhibited excessive swelling, which was not sufficiently improved by
crosslinking. Notably, the binders that exhibited adhesion to metal current
collector in water did not retain the same adhesion to the stainless steel upon
cycling. The electrolyte investigation has revealed dramatic changes in pH of
the electrolyte upon GCD cycling: the rise of pH was recorded for the
unbuffered electrolytes in the first 20 cycles. It is highly probable, that basic
solutions negatively affect the adhesive properties of the binders. In the
following section we will focus on direct binders that showed none or
moderate swelling, that is poly(vinyl butyral-co-vinyl alcohol-co-vinyl
acetate) and poly(vinyl alcohol-acrylic acid) copolymers.
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Table 8. Direct polymeric binders for the NTP electrodes tested in this work.

Adhesio
Adhesion nto
Binder Structure Solvent | Swells | to metal metal Remarks
in water upon
cycling
Very brittle,
. ‘Water,
Polyethyleneimine T\/\Ht BOH crac}cs on the
drying stage
= Low solution
Poly(dopamfne S . ;{ g NMP viscosity,
methacrylamide) poor
U S dispersion
Poly(Vinyl 0 Film is
Butyral-co-Vinyl 1'\/\% OH o "cHs | NMP, difficult to
~ _ . - + -
Alcohol-co-Vinyl O, +/L ﬁ)i‘ IPA transfer onto
Acetate) Ho-.. mesh.
Polyvinyl acetate — K:‘//\\ /}n
polyacrylic acid o Water + + - Very brittle

Ratio 4:1 %A@m %/}m

EVA dispersion. I
dis] Good
Emulsifying agent @ﬁl +1 ] ‘Water + + - elasct’ioci ty
- H
-PVA n m !

EVA dispersion

(PVA). ‘Water less - - lG?P d
Crosslinked clasticity
HO HO
" o, " ) 1 1
Cellulose N Mo VAN | Water N ) ) Brittle film is
nanocrystals 0 po] W formed
Cellul oyl
'OH
ctulose > o Brittle film is
nanocrystal. g\ - } ‘Water less - - f d
Crosslinked N orme

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) or PVBA
(structural formula is present in Table 8) has been widely employed in the
anticorrosive applications.’”” The functional groups of this copolymer chain
are responsible for its adsorption properties on various substrates through
covalent and/or hydrogen bonding. PVBA has shown to work well as a
protective coating in saline environments, which in terms of composition are
not that different from the standard electrolytes used in the investigation of
NTP electrodes. Hence, it was assumed that this binder could be suitable for
the role of binder for aqueous batteries. One undeniable advantage of this co-
polymer is solubility in isopropanol — a solvent much cheaper and less toxic
than NMP.
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Despite great initial adhesion to the metal substrate, PVBA-containing
electrodes rapidly delaminated from the surface of stainless-steel foil upon
cycling. Nevertheless, electrode was transferred onto stainless steel mesh and
compared to PVDF through GCD cycling (Fig. 67). The results of the
investigation indicate that both samples had very similar initial capacities of
87 and 89 mAh/g for PVDF and PVBA, respectively. Cycling stability
revealed slight superiority of PVDF (79%) over PVBA (67%). This could be
attributed to the overall tendency of reactive groups to interact with water and
swell, which leads to the loss of contact.
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Figure 67. GCD cycling performance of NTP-based electrodes with
PVDF and PVBA binders at 1C rate in 1 M Na,SOs (aq).

Additional investigation revealed that 1000 um thickness electrode can
be casted and dried without cracking, whereas, 300 um slurry coating was
determined as a critical threshold for obtaining crack-free electrodes with
good integrity for PVDF. Generally, higher mass loadings are desired for the
electrodes and PVBA-based electrodes can provide higher mass loading due
to better binding capabilities arising from reactive functional groups.
Electrode thickness plays a significant role on the energy density of the
electrode since thicker electrodes can reduce the fraction of electrochemically
inactive materials such as current collectors and separators.”® This feature
paired up with less toxic solvent, makes PVBA a promising candidate to
replace PVDF in ASIBs.

Poly(vinyl alcohol-acrylic acid)

Poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) — the components
of poly(vinyl alcohol-acrylic acid) — are well known for their use in polymer
binders owing to their excellent binding strength between electrode materials
and current collectors.?”!! Poly(vinyl alcohol-acrylic acid) (PVA-PAA) has

92


https://www.sciencedirect.com/topics/engineering/polymer-binder
https://www.sciencedirect.com/topics/engineering/polymer-binder
https://www.sciencedirect.com/topics/materials-science/mechanical-strength

also previously been reported as a water-soluble binder for silicon anodes and
lithium iron phosphate cathodes in LIBs.?'? This blend is capable of building
a stable network through hydrogen bonding which contributes to the
significantly enhanced adhesion and strength of electrodes.”’® This binder
contains carboxylic and hydroxyl functional groups and can be thermally
cross-linked in order to improve the mechanical properties. Partial
neutralization of PAA can be performed in order to achieve a stronger
interconnection between the functional groups and more branched structure of
the polymer upon crosslinking.

For this investigation, PVA-PAA copolymer with a mass ratio of 4:1 was
prepared by thermal crosslinking. Partial (10%) neutralization of the PAA has
been carried out prior to crosslinking. Electrodes with this copolymer as a
binder were prepared via standard procedure. Similarly to the PVBA, this
binder showed adhesion in water, but delaminated from the metallic substrate
during the first cycles. In order to investigate the binding properties of the
PVA-PAA, the electrode was transferred onto stainless steel mesh and
compared to PVDF through GCD investigation (Fig. 68). The results indicate
faster degradation for the PVA-PAA sample — the capacity retention was 61%
after 100 cycles. In literature it has been found that PVA-PAA rearranges its
network with accordance to the pH and ionic strength of the solution.*"*
Higher pH values have shown to induce swelling, hence, lower capacity and
capacity stability upon cycling. Buffering electrolyte at acidic values would
improve the binder stability, however, as electrolyte investigation shows, is
not favourable for the active material. Potentially, co-solvent electrolytes
could decrease water activity and alleviate the effects of swelling.
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Figure 68. GCD cycling performance of NTP-based electrodes with PVDF
and PVA-PAA binders at 1C rate in 1 M Na>SOj4 (aq).
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3.3.3. Summary

In this part of the work, a number of potential alternative polymeric binders
to the common polyvinylidene fluoride (PVDF) suitable for aqueous batteries
are prepared and characterized in terms of their mechanical, morphological
and electrochemical properties. The obtained results are summarized as:

e A number of silane-based adhesion promoters are screened for PVDF
based NaTix(PO4); composite electrodes in aqueous electrolytes. The
results show that, for example, 3-(triethoxysilyl)propyl isocyanate_can
improve the adhesion of PVDF binder to the to the stainless-steel foil
current collector. However, the adhesive power is still insufficient for
preventing delamination of the electrode composite in aqueous
electrolytes during cycling. Moreover, the studied adhesion promoters
seem to also form a surface insulating film on the metal foils which affects
the electrochemical performance.

e Electrochemically-active polyimides such as Kapton provide binding
ability of the electrode and some initial extra charge capacity at relatively
high content (20%). However, the adhesion to the stainless-steel foil was
not sufficient at these contents, most likely, due to the low concentration
of aliphatic groups, and electrochemical activity and degradation of the
binder itself.

e Thermoplastic poly(ethylene-vinyl acetate) (PEVA) polymeric binder
provides good mechanical properties and adhesion of the electrode
composite to the surface of even stainless-steel foil. PEVA-based
electrodes show good initial capacity and cycling stability on stainless-
steel foil current collector. PEVA is found to be the most promising binder
for aqueous batteries.

e Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) copolymer is
determined to be the best-performing direct binder which forms covalent
bonds with the active material particles. PVBA-based composite
electrodes do not show strong adhesion to the metal foil. However, on the
mesh current collector they delivered good capacity retention similar to
PVDF. The other advantages of PVBA include compatibility with less
toxic solvents such as isopropanol and higher active material mass
loadings than PVDF,

e Poly(vinyl alcohol-acrylic acid) (PVA-PAA) copolymer did not show
strong adhesion to the metal foil current collector during cycling.
However, on the mesh current collector they delivered good capacity
retention similar to PVDF. The instability during cycling was attributed
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to swelling due to pH >7 with NTP-based electrodes. The most important
advantage of this binder is the ability to be cast from aqueous solution,
making it the most environmentally-friendly binder found in this study.
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MAIN RESULTS AND CONCLUSIONS

In this work, the active components of aqueous sodium-ion batteries were
designed, prepared, characterized, and optimized. The main focus was on the
composite electrodes containing NASICON-structured materials such as
NaTi2(PO4); and Na,VTi(POs)s, and electrolyte solutions based on aqueous
and simple salt systems. The main results and the conclusions of this work can
be summarized as:

1. The charge capacity and cycling stability of the NaTix(POa)s
electrodes is strongly dependent on the particle carbon coating and conductive
additives. The particles of NaTi,(PO4); can be carbon coated by the pyrolysis
of organic compounds in inert atmosphere. The samples coated by citric acid
pyrolysis showed better capacity retention at lower carbon loading than those
coated by glucose pyrolysis, most likely due to different pyrolyzation and
graphitization temperatures of these compounds. The samples coated by
pyrolysis of surface polymerized polydopamine showed significantly more
uniform, controllable and reproducible carbon coatings. The required carbon
loading to ensure the same capacity retention is only half of that as in the case
of citric acid pyrolysis.

2. The optimal amount of conductive carbon black additive in the lab-
scale composite NaTix(PO4); electrodes was determined to be 20 wt%. The
mechanical pressing of the electrodes during the transfer onto stainless steel
mesh results in higher tap density and lower porosity. The optimal
electrochemical properties in terms of initial capacities and retentions during
cycling was achieved by hydraulic pressing under 6 t. The duration of slurry
mixing during electrode preparation shows significant effects on the carbon
dispersion and electrode tap density. The introduction of an additional step of
dry component pre-mixing results in even better electrode tap density and
uniformity. 1 h of dry premixing and 2 h of slurry mixing results in optimal
carbon conductive network inside the electrode.

3. Chemical oxygen reduction reaction catalyzed by Ti"® present in the
charged state Nas;Tiy(POs); is identified as the main parasitic reaction
responsible for self-discharge and pH increase in aqueous electrolyte
solutions. Hydrogen evolution is also important, especially at low O;
concentrations and C-rates. The removal of oxygen and pH buffering are
beneficial for the capacity retention of NaTi»(POs); electrodes during cycling.
Alkaline environment is shown to be the main cause of degradation for
NaTix(PO4); electrodes resulting in capacity loss. The EDX, XRD, and NMR
analyses show that capacity loss is not directly related to Ti dissolution into
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the electrolyte but the formation of insoluble Ti-rich interphase which blocks
the electrochemical reaction.

4. The implementation of organic co-solvents such as glycerol and
DMSO results in reduced relative water activity and significantly expanded
electrochemical stability window of the electrolyte solution. This supresses
the parasitic reactions such as hydrogen and oxygen evolution resulting in
longer self-discharge times and significantly better capacity retention of
NaTiy(PO4)s electrodes during cycling. Full battery cells containing
NaTix(PO4); and NajgsFe[Fe(CN)s] -2.28H,O Prussian Blue Analog also
benefited from the addition of co-solvents. The results show that wider voltage
windows and significantly better capacity retention in such electrolytes. The
introduction of small amounts of reductive agents such as hydrazine into
aqueous electrolytes was shown to effectively scavenge oxygen and supress
oxygen reduction reaction. This procedure allowed to prepare capacity
balanced (N/P=1) Na,VTi(PO4);-Na,VTi(POs); battery cells with good
capacity retention.

5. The use of siloxane-based adhesion promoters is insufficient for
preventing delamination of the PVDF-based electrode composites in aqueous
electrolytes during cycling. Electrochemically-active and hydrophilic
polyimides such as Kapton provide good binding of the electrode and some
initial extra charge capacity. However, the adhesion to stainless-steel foil is
not sufficient, most likely, due to electrochemical activity of the binder itself.
Thermoplastic poly(ethylene-vinyl acetate) (PEVA) polymeric binder
provides good mechanical properties and even the adhesion of the electrode
composite to the surface of stainless-steel foil, good initial capacity, and
cycling stability. PEVA is found to be the most promising indirect binder for
aqueous systems. Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)
(PVBA) copolymer showed good capacity retention similar to PVDF. The
other advantages of PVBA include compatibility with less toxic solvents such
as isopropanol and higher active material mass loadings. Poly(vinyl alcohol-
acrylic acid) copolymer also shows good capacity retention similar to PVDF.
The instability during cycling was attributed to swelling due to pH >7 with
NTP-based electrodes. The most important advantage of this binder is the
ability to be cast from aqueous solution, making it the most environmentally-
friendly binder found in this study.
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SANTRAUKA

Jvadas

Sparciai pereinant prie tvarios energetikos atsiranda vis didéjantis poreikis
efektyvioms ir saugioms energijos kaupimo sistemoms. Pastaraisiais metais
vis daugiau démesio sulaukia vandeninés natrio jony baterijos - patraukli
alternatyva tradiciniams li¢io jony akumuliatoriams. Vandeninés baterijos
naudoja vandens pagrindu sukurtus elektrolitus, kurie zenkliai pagerina
baterijy sauguma. Jy zaliavos (pvz. natris) yra gausesnés ir pigesnés, kas
mazina gamybos kaStus ir prisideda prie istekliy trikumo problemos
sprendimo. Be to, jy poveikis aplinkai yra $velnesnis nes iSvengiama toksisky
ir pavojingy medziagy naudojimo. Unikali vandeniniy baterijy chemija
nulemia didelj energijos tankj ir ilgg baterijos gyvavimo laika, todél jos yra
tinkamos jvairioms energijos kaupimo reikméms. Apibendrinant, natris yra
prieinama, saugi ir aplinkai draugiSka energijos kaupimo alternatyva.

NASICON struktiiros medziagos yra elektrody aktyviyjy medziagy klasé,
pasizyminti auksStu joniniu laidumu ir struktiiriniu stabilumu. Jy unikali
trimaté struktiira garantuoja efektyvy natrio jony transporta, todél Sios
medziagos idealiai tinka natrio jony baterijoms. Nepaisant visy privalumy,
NASICON medziagos vis délto susiduria su keliais isSukiais, jskaitant prasta
elektrinj laiduma, mazesnj talpos stabilumg ir nelabai aplinkai draugisko
polivinilidenfluorido naudojima.

Pagrindinis Sio darbo tikslas - sukurti, paruosti, apibiidinti ir optimizuoti
vandeniniy natrio jony baterijy aktyviuosius komponentus. Aktyviaisiais
komponentais laikomi kompozitiniai elektrodai, kuriuose yra NASICON
struktiiros medziagy, tokiy kaip NaTix(POs); ir Na;VTi(POs)s3, ir vandens ir
paprasty drusky pagrindu sukurti elektrolity tirpalai. Optimizavimo procesas
apibréziamas kaip atitinkami paruosimo, formavimo ir modifikavimo etapai,
biitini geriausioms §iy komponenty elektrocheminéms savybéms vandeninése
natrio jony baterijose uZztikrinti.

Konkrets Sio darbo tikslai yra Sie:

1. Sukurti ir optimizuoti kompozitiniy NaTi(PO4); elektrody,
naudojamy vandeninése natrio jony baterijose, paruosimo metodus, jskaitant
anglies dengima, suspensijos ir elektrody paruosima. Ivertinti, kaip paruo§imo
procesai veikia struktiirines, morfologines ir elektrochemines kompozitiniy
elektrody savybes.

2. Sukurti ir optimizuoti vandens pagrindo elektrolitus vandeninéms
natrio jony baterijoms, naudojant papildomus organinius tirpiklius ir priedus
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stabilumui pagerinti. ISanalizuoti Siuos elektrolitus fizikocheminiais,
spektroskopiniais ir elektrocheminiais metodais.

3. leskoti, paruosti ir apibudinti alternatyvius polimerinius risiklius,
pasizymincius didesniu hidrofiliSkumu, skirtus vandeninéms natrio jony
baterijoms. [vertinti jy savybes kompozitiniuose elektroduose taikant
fizikocheminius ir elektrocheminius metodus.

Sio darbo naujumas kyla i§ to, kad tai pirmas kryptingas bandymas istirti
ne tik aktyviosios medZziagos, bet ir kity aktyviyjy baterijos komponenty jtaka
vandeniniy natrio jony baterijy veikimui ir jy optimizavimo metodus.
Ankstesniy tyrimy Siomis temomis yra labai nedaug, nes dauguma jy
pirmiausia skirti naujy elektrody aktyviyjy faziy paieskai ir apibidinimui. Be
to, dauguma kity aktyviyjy baterijos komponenty tyrimy buvo skirti organiniy
elektrolity sistemoms.

Ginamieji Sios disertacijos teiginiai yra:

1. NaTix(POs)s elektrody talpa ir ciklinis stabilumas labai priklauso nuo
aktyviosios medziagos daleliy anglies dangos. Polidopamino pagrindu gautos
dangos uztikrina tolygiausius ir atkuriamiausius rezultatus, o norint islaikyti
panasy talpos stabiluma, reikia perpus mazesnio anglies kiekio nei citrinos
rugsties pirolizés metu. Citrinos riigstis yra pranasesné nei gliukozé dél
grafitizacijos temperatiiros skirtumy.

2. Optimalus porétos anglies kiekis laboratorinio mastelio NaTiz(PO4)3
elektroduose yra 20 % masés. Hidraulinis suspaudimas 6 t pagerina elektrodo
tank] ir sumazina porétuma, todél pageréja elektrochemingés savybés. Optimali
anglies dispersija ir elektrodo struktiira gaunamos kai sausi dispersijos
komponentai maiSomi 1 val. pries 2 val. suspensijos maiSymo.

3. NaTix(POs); elektrody savaiminj iSsikrovimg ir pH padidéjima
daugiausia lemia Ti** katalizuojama deguonies redukcija ir vandenilio
skyrimosi reakcija. Deguonies paSalinimas ir buferiniy tirpaly naudojimas
pagerina talpos stabiluma. Sarminés salygos skatina degradacija ne dél Ti
iStirpimo, o dél pavirSiy blokuojancios, Ti turin¢ios fazés susidarymo.

4. Papildomi organiniai tirpikliai, tokie kaip glicerolis ir DMSO, maZzina
vandens aktyvuma, iSplecia elektrocheminio stabilumo langa ir slopina dujy
skyrimosi reakcijas. Tai sulétina savaiminj iSsikrovimg ir pagerina talpos
stabiluma. Pilnoms NaTix(PO4);—Na; gsFe[Fe(CN)g] - 2,28H»0 baterijoms tai
salygoja platesn] jtampos langg ir geresnj veikima. Be to, nedideli hidrazino
kiekiai suredukuoja deguonj, todél galima sukurti subalansuotas pagal talpa
Na:VTi(POa4)s-Na, VTi(POa)s baterijas, kurios geriau i$laiko talpg ciklinant.

5. Elektrochemiskai aktyviis poliimidai, tokie kaip kaptonas, pasizymi
geromis riSamosiomis savybémis, bet prasta adhezija su metaliniu srovés
kolektoriumi, grei¢iausiai dél jy paciy elektrocheminio aktyvumo. PEVA

99



uztikrina stiprig adhezijg su nertidijan¢iy plienu ir gerg talpos stabiluma, todél
yra perspektyviausias riiklis vandeninéms sistemoms. PVBA kopolimeras
uztikrina puikias elektrochemines savybes, leidzia naudoti didesnius aktyvios
medziagos kiekius ir maziau toksiskus tirpiklius, taciau neuztikrina adhezijos
su metaliniu srovés kolektoriumi. PVA ir akrilo rtugsties kopolimeras yra
ekologiskiausias variantas dél tirpumo vandenyje. Jis pasiZymi geru talpos
stabilumu, taciau iSbrinksta Sarminiuose elektrolity tirpaluose.

1. Literattiros apzvalga

Akumuliatoriy elementai, kaip elektrocheminiai prietaisai, efektyviai
pavercia sukaupta cheming energija i elektros energija vykstant oksidacijos-
redukcijos reakcijoms. Elektrocheminio energijos kaupimo istorija prasidéjo
XVIII a., kai Alessandro Volta sukonstravo pirma elektrocheming baterijg.’
XIX ir XX amziaus technologijy vystymasis paskatino moksling pazanga
energijos Saltiniy technologijy srityje. Svarbiausias Sio laikotarpio proverzis —
ikraunamy baterijy iSradimas. lkraunamaja baterija sudaro teigiamas ir
neigiamas elektrodai bei elektrolitas. Baterijos iSkrovimo metu neigiamas
elektrodas oksiduojamas, jo elektronai keliauja per iSoring granding i
teigiamajj elektroda, kuriame vyksta redukcija. Tiek jkrovimo, tiek iSkrovimo
procesy metu elektrolitu juda jonai, uztikrinantys elektroneutraluma.

Siuo metu li¢io jony baterijos dominuoja jkraunamy baterijy rinkoje. Sios
technologijos, pagristos griztamu jony jterpimu/iStraukimu vykstant
jkrovimui ir iSkrovimui, privalumai yra neginCytini, taciau ribotas li¢io
prieinamumas, svyruojanti zaliavy kaina ir augantys reikalavimai saugumui
nulemia nuolat vykstan¢ia alternatyvy paieska.’’** Natrio jony baterijos,
veikiancios tuo paciu principu, sulaukia daug démesio dél didesnio paplitimo
ir stabilesniy kainy. Natrio jony baterijos negali pakeisti li¢io jony baterijy
srityse, kurios reikalauja auksto energijos tankio, mazy baterijy matmeny ir
greity jkrovimo greiciy, taciau puikiai tinka pritaikymui sferose, kur baterijos
dydis ir svoris néra tokie svarbils, pavyzdziui, stacionariam energijos
kaupimui.?***

NASICON-struktiiros medziagos yra atskira natrio jony baterijoms skirty
medziagy klasé.”” Nepaisant to, kad $ios medziagos yra placiai tyrinéjamos,
ju pritaikymo perspektyvos priklauso nuo to ar pavyks jveikti pagrindinius jy
trikumus: prastg elektrinj laidumg, parazitines reakcijas ir nedraugisko
aplinkai risiklio naudojimg. Prastas elektroninis laidumas sulétina difuzijos
procesus, ko pasekoje atsiranda nepatenkinama talpa, létas jkrovimo ir
i8krovimo greitis, taip pat energijos nuostoliai dél padidéjusios vidinés varzos,
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prastas elektroninis laidumas.*®®” Parazitinés $alutinés reakcijos, vykstangios
vandeninéje terp¢je, neigiamai veikia baterijy kuloninj efektyvumga ir baterijy
gyvavimo laika.”® Siekiant sukurti baterijas su auksta ir stabilia talpa, labai
svarbu slopinti Siuos procesus. Tuo paciu metu, siekiant tvarumo ir
ekologiskumo baterijy paruoSimo ir perdirbimo metu, reikia ieskoti
alternatyvy fluoruotiems polimerams dél pavojingy tirpikliy naudojimo.”

2. Eksperimentiniai metodai

Siame darbe buvo tiriamos NaTix(PO4)s, Na;Va(POxs)3, NayVTi(POy); ir
Naj seFe[Fe(CN)s] -2.28H,O medziagos, kuriy sintezés yra apibendrintos 1
lenteléje. Po sintezés, siekiant suvienodinti daleliy dydj, medziagos buvo
sumalamos planetariniame maltine (350 rpm, 2 h). Po malimo visos
medziagos buvo dengiamos anglimi.

1 lentelé. Darbe tiriamy medziagy sintezés metody apibendrinimas

Medziaga Sintezés metodas
NaTi2(POa)3 ISsodinimo
Na3V2(PO4)3 Kietafaze

NaxVTi(POa)3 Kietafaze
NaissFe[Fe(CN)e] -2.28H20 ISsodinimo

I§ susintetinty aktyviyjy medziagy buvo ruoSiami elektrodai. Kai kurios
susintetintos ir anglimi padengtos medziagos buvo tiriamos jvairiais metodais:

e Rentgeno spinduliy difrakcine analize (Bruker D2 Phaser),

e Skenuojancia elektrony mikroskopija (Hitachi TM-600),

e PerSvieCiamaja elektrony mikroskopija (G2 F20 X-TWIN FEI),

e Energijos dispersinés Rentgeno spinduliy spektroskopija (Hitachi
TM-600),

e Furjé transformacijos infraraudonaja spektroskopija (Frontier,
Perkin-Elmer),

e Rentgeno fotoelektrony spektroskopija (Kratos Axis Supra),

e PavirSiaus ploto analize (Anton Paar NOV A 600),

e Termogravimetrine analize (PerkinElmer STA6000),

e Elementine analize (Thermo Scientific Flash 200.

Elektrody paruosimo procediira prasideda nuo 70% aktyviosios
medziagos, 20% anglies, 10% riSiklio ir atitinkamo tirpiklio sumaiSymo
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planetariniame maliine. Gauta suspensija 300 pm sluoksniu buvo uztepama
kompozitiniai elektrodai buvo perkeliami ant neridijan¢io plieno tinklelio
hidraulinio preso pagalba.

Paruosti  elektrodai buvo charakterizuojami  vandens pagrindo
elektrolituose ciklinés voltamperometrijos (PGSTAT302 Metrohm Autolab)
ir galvanostatinio jkrovimo/iskrovimo (Neware CT-4008) metodu pagalba.

Elektrolity tyrimai buvo vykdomi pasitelkiant Ramano (Renishaw
QONTOR) ir branduoliy magnetinio rezonanso spektroskopija (Bruker
AVANCE III HD). Elektrolity laidumas ir pH buvo vertinami naudojant
Mettler Toledo SevenCompact s220 su atitinkamais jutikliais.

3. Rezultatai ir jy aptarimas
3.1. Anglinés medziagos elektroduose

Egzistuoja keli veiksmingi budai aktyviosios medziagos elektroniniam
laidumui pagerinti: daleliy dydzio mazinimas, legiravimas ir laidziy medziagy
naudojimas.®>™ Pastarasis biidas veikia sukurdamas iSorinj laidy tinklg,
uztikrinantj greita ir sklandy elektrony judéjima.”'> Anglinés medziagos,
tokios kaip poréta anglis, anglies nanovamzdeliai ir grafenas, sékmingai
sumazina varza ir pagerina kompozitinio elektrodo laiduma.**®® Sukurti
kompozitinj elektroda su nepertraukiamu laidziu tinklu, panaudojant kuo
maziau anglies, yra didZiausia siekiamybé. Tam pasiekti anglis turi buti
naudojama ne tik elektrodo paruoSimo metu, bet ir dengiant aktyvias
medZziagas.

Anglies juodasis

Anglies vaidmuo elektrode neapsiriboja laidumo pagerinimu, jis taipogi
prisideda prie homogeniskumo uztikrinimo. Homogeniski elektrodai
pasiZymi geresniu mechaniniu integralumu pakrovimo/iSkrovimo metu, kas
nulemia ilgesnj baterijos gyvavimo laikg. Anglies juodasis — pigi, saugi ir
stabili anglis, kuri rado pritaikymg baterijy gamyboje. *° Anglies juodojo
kiekis, reikalingas geriausioms elektrocheminéms savybéms pasiekti, yra
pakankamai didelis ir gali neigiamai atsiliepti mechaninéms elektrodo
savybéms.'” Taip pat svarbu nepamirsti, kad bet kokio papildomo
komponento dalies didinimas vyksta aktyviosios medziagos saskaita, kas
mazina baterijos energijos tankj ir padaro tokig baterija maziau tinkama
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praktiniams pritaikymams. Todél, nustatant optimalia elektrodo sudétj, yra
labai svarbu ieskoti kompromiso.

NaTiy(PO4)s elektrody, paruosty su trimis skirtingais anglies juodojo
kiekiais (5, 10, 20 %), elektrocheminés savybés buvo tiriamos galvanostatinio
ikrovimo/iskrovimo biidu. ISsiaiskinta, kad anglies kiekis buvo tiesiogiai
proporcingas ir elektrody stabilumui ir pradinéms talpoms. Mazesnés pradinés
talpos (81,1 ir 85,4 mAh/g) méginiams su 5 ir 10 % anglies gali biti
paaiskintos nepakankamu elektrodo laidumu ir 1éta kinetika.'’” Padvigubinus
anglies juodojo kiekj, pradiné talpa iSaugo iki 94,6 mAh/g, kas byloja apie
pageréjusj elektrony transportg. Didinant anglies kiekj elektrodo sudétyje
augo ir talpos stabilumas po 100 jkrovimo/iSkrovimo cikly (27,7 — 59,9 —
62,5 %). Augantis ciklinimo stabilumas — geresnio elektrony transporto
pasekmé. Nepaisant teigiamy tendencijy, toliau didinti anglies kiekj yra
tiesiog nepraktiska elektrodo energijos tankiui.

Aktyviyjy medziagy pavirsSiaus dengimas anglimi

Yra keletas pla¢iai naudojamy metody anglies dangai ant keraminiy
medziagy suformuoti. Vienas i$ jy pagristas anglies pirmtaky, naudojamy
sintezés ar papildomo apdorojimo metu, pirolize.'” Pirolizés metu organiniai
junginiai suyra inertinéje atmosferoje, palikdami daug anglies turintj pirolizés
produkta. Sis metodas uztikrina kontroliuojama pirmtaky virsma j anglines
pléveles, kurios pagerina laidumg ir elektrody talpas.'"' Kadangi NTP
pasizymi terminiu stabilumu, leidzianc¢iu atlikti piroliz¢ auksStoje
temperatiiroje, Siam tyrimui buvo pasirinktas biitent Sis metodas.

Siame tyrime buvo lyginamas dviejy anglies pirmtaky - citrinos riigities
(CA) ir gliukozés - poveikis elektrocheminéms savybéms. Pirmtaky kiekis
sudaré 10, 15, 20, 30 % nuo bendros masés. Termogravimetrinis tyrimas
parodé, kad, nepaisant panasSaus anglies kiekio pirmtakuose, anglies kiekis
galutiniame kompozite buvo didesnis gliukozes (3,14 — 10,24 %) nei citrinos
rugsties (1,74 — 4,94 %) serijai. Galvanostatinio jkrovimo/iskrovimo tyrimas
parodé, kad talpos stabilumas ciklinant augo didinant anglies kiekj
NaTi(PO4)3-C kompozite. Abejose serijose talpos stabilumas pasieké plato
ties 80 %, taciau Siam rezultatui pasiekti prireiké skirtingo anglies kiekio —
3,45 % elektrodui paruoStam su citrinos ragstimi ir 6,32 % elektrodui
paruo$tam su gliukoze. Sio tyrimo metu issiaiskinta, kad naudojant citrinos
rugsti kaip anglies pirmtaka ant aktyviosios medZziagos, susidaro anglies
danga, kuri efektyviau apsaugo medziaga nuo degradacijos.

UZauginus polidopamino sluoksnj ant aktyvios medziagos daleliy
pavirSiaus pries§ pirolize buvo gauti NaTiz(PO4);-C kompozitai, kurie buvo
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lyginami su citrinos riigSties pagrindu susintetintais kompozitais. FTIR
analizé patvirtino sékminga polimerinés dangos susidaryma ir anglinés
dangos susidarymg po pirolizés. Termogravimetriné analizé parodé, kad
anglies kiekis galutiniame kompozite priklauso ne tik nuo dopamino
(pirmtako) kiekio, bet ir nuo polimerizacijos reakcijos trukmés.
Persvieciamosios elektrony mikroskopijos analizé parod¢, kad méginiai, gauti
po citrinos rugsties pirolizés, pasizymi ne tik amorfiniu anglies sluoksniu ant
daleliy pavirsiaus, bet ir didelém angliném struktiirom tarp daleliy. Tuo tarpu
polidopaminu dengty daleliy atveju visa anglis pasiskirsté tik ant daleliy
pavirSiaus, suformuodama vientisg sluoksnj. Taipogi pavirSiaus elementinés
sudéties analizés metu nustatyta, kad dengiant polidopaminu pavirSiuje
gaunamas stechiometrinis Na/Ti santykis, o dengiant citrinos riigStimi jis yra
iSkreipiamas. Tai dar karta patvirtina, kad polidopaminas nesgveikauja su
NaTix(PO4)s. Elektrocheminiy savybiy tyrimo metu iSsiaiskinta, kad pavirSine
anglis gauta po polidopamino pirolizés salygojo auksStesnes pradines talpas
(98-111 mAh/g) nei citrinos rugsties pirolizés metu gauta anglis (90 -
95 mAh/g). Sis skirtumas paaiskinamas geresniu elektroniniu laidumu, kuris
atsirado dél tolygesnio anglies pasiskirstymo pavirsiuje. Taip pat nustatyta,
kad talpos stabilumas ciklinant augo didinant anglies kiekj NaTix(PO4)3-C
kompozite. Auksciausias (38 %) talpos stabilumas po 200 jkrovimo/iSkrovimo
cikly buvo gautas méginiams su 11,9 % (anglies pirmtakas — citrinos rigstis)
ir 6.7 % (anglies pirmtakas — polidopaminas) anglies galutiniame kompozite.
Anglies danga, gauta i$ polidopamino, yra labiau homogeniska ir vientisa,
todél geriau apsaugo aktyviaja medziaga nuo vandeningje terpéje vykstanciy
parazitiniy reakcijy.

Elektrody paruos$imas

Anglies pasiskirstymas elektrode turi jtakos mechaninéms bei
elektrocheminéms elektrodo savybéms. Eksperimentingje dalyje pateiktas
elektrody paruosimo procesas yra Cia pateikto tyrimo rezultatas.

Elektrodo kompozito tankis rodo mikrostruktiiros homogeniskuma ir
optimizuotg elektrodo sudétj. Pramonéje paruosti elektrodai yra papildomai
sutankinami spaudZziant, kad buty pagerintas sukibimas ir padidintas elektrody
tankis. Tyrimai rodo, kad, didé¢jant elektrodo tankiui, iki tam tikros ribos
didéja elektrodo stabilumas ciklinant. Tai patvirtina spaudimo poveikio
elektrocheminéms savybéms tyrimas. Elektrody, perkelty ant neriidijancio
plieno tinklelio, ciklinis stabilumas didéja perkélimo slégiui didéjant nuo 4 iki
81 (35,5 % — 44,2 %). Taciau spaudziant elektroda 8 t pasidaro sudétinga
atskirti aliuminio folija nuo elektrodo, kas gali atsiliepti paSalinémis
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reakcijomis vandeninéje terpéje ir netiksliu masés nustatymu elektrodo
svérimo metu. Pradiné talpa turi nedidelg augimo tendencijg (82,55 mAh/g
— 87,65 mAh/g).

Tinkamai parinktas srovés kolektorius taip pat turi jtakos
elektrocheminéms elektrodo savybéms. Kai naudojamas itin retas
neriidijancio plieno tinklelis (#80), elektrodas parodo prastesnj (24,4 %)
stabilumg ciklinant nei elektrodai ant tankesniy (#200, #325, #400) tinkleliy
(35,5 %, 58,9 %, 61,5 %). Galima daryti iSvadg, kad kai tinklelis turi
nepakankamai kontakto su elektrodu, jis negali uztikrinti greito elektrony
transporto j visus elektrodo taskus, todél jo veikimas yra prastesnis.

Padidinti elektrodo tankj galima ir ilginant elektrodo suspensijos maiSymo
laika. Ilginant maiSymo planetariniame maliine trukme nuo 30 min iki
180 min buvo gauti labiau homogeniski ir didesnio tankio elektrodai (0,60 —
0,65 mg/cm®). Jvedus papildomg kietyjy komponenty (anglies ir aktyviosios
medziagos) sumaiSymo zingsnj gauti dar labiau homogeniski ir tankis
elektrodai. Optimalus homogeniskumas ir tankis (0,96 mg/cm®) buvo nustatyti
elektrodui, kurio kietieji komponentai buvo maiSomi 1 h 3 mm keraminiais
rutuliais, o elektrodo dispersija buvo maiSoma 2 h 5 mm keraminiais rutuliais.

3.2. Elektrolitai

Vandens pagrindo elektrolitai pasizymi geresniu terminiu stabilumu,
ekologiskumu ir dideliu joniniu laidumu palyginti su organiniais,
polimeriniais ir kietaisiais elektrolitais. ¥’ Vandeniliniy rysiy tinklas
palengvina greita jony difuzijg i elektrody pavirSiy. Taciau siauras vandens
elektrocheminio stabilumo langas lemia parazitines reakcijas, pavyzdziui,
vandenilio ir deguonies iSsiskyrimo reakcijas, kurios mazina jkrovos ir
iskrovos ciklo Kuloninj efektyvuma. '** Be to, $ios reakcijos sukelia vietinius
pH pokycius, kurie ilgainiui paveikia aktyvigja medziaga, todél nukencia
elektrody ciklo stabilumas. 3!

Vandeniniai elektrolitai

Dvi pagrindinés reakcijos, prisidedancios prie vietinio pH augimo yra
vandenilio skyrimosi reakcija

2H,0 + 2e~ - H, + 20H~ (1
ir iStirpusio deguonies redukcija

0, + 2H,0 + 4e~ - 40H~ )
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arba
0, + H,0 + 2e™ - HO; + OH™ 3)

Dar viena reakcija, kuri itin prisideda prie elektrolito tirpalo Sarméjimo,
yra cheminé deguonies redukcija. Ji atsakinga uz talpos degradacijg ir
sumazéjusj elektrodo gyvavimo laikg. '37-'** Ti'"!

NasTi2(POs)s, katalizuoja cheminés redukcijos reakcija:

, kurj galima rasti jkrautame

2NasTi, (PO,)s + 0, + 2H,0 - 2NaTi,(PO,)s + 4Na* + 40H-  (4)

Sia reakcija galima nuslopinti paSalinus istirpusj deguonj i§ elektrolito
tirpalo inertiniy dujy pagalba. Du NaTix(PO4); elektrodai buvo ciklinami
jkraunant/iSkraunant ore ir azoto dujy atmosferoje. Elektrodas su ribotu
deguonies patekimu pasieké ~99 % kuloninj efektyvuma per 10 cikly ir isliko
stabilus per kitus 90 cikly. Talpos sumazéjimas po 100 cikly sieké tik 6 %. Tai
patvirtina mintj, kad deguonies pasalinimas slopina parazitines reakcijas,
lemiancias pH pokycius ir talpos sumazéjimg. Tuo paciu metu ore ciklinamas
elektrodas pasieké 92 % kuloninj efektyvuma ir prarado 76 % pradinés talpos.
Abiejy elektrolity pH buvo stebimas ciklinimo metu ir pastebéta, kad
auksciausias pH, pasiektas elektrolitui oro atmosferoje, yra 10,5, o inertiniy
dujy atmosferoje tik 8,5. Akivaizdu, kad pH kenkia elektrodo veikimui.

pH jtaka NaTiy(POs); elektrodams buvo toliau tiriama skirtingose
pradinése elektrolito pH. Elektrolity pH buvo uztikrinamas pasitelkus buferiy
pagalba. Galvanostatinio jkrovimo/iskrovimo tyrimas parodé, kad esant pH=4
stebimas itin Zemas (~24 %) pradinis kuloninis efektyvumas, kuris paaugo iki
75 % per 100 cikly. Toks Zemas efektyvumas gali biiti paaiSkintas spar¢iai
vykstanéiu vandenilio skyrimusi, kuris buvo stebimas ir plika akimi. Sio
elektrodo talpa buvo zema, taciau talpos stabilumas po 100 cikly sieké net 90
%. Esant pH=7 buvo stebimas aukstesnis kuloninis efektyvumas ir aukstesné
pradiné talpa (~ 120 mAh/g). Akivaizdu, kad vandenilio skyrimosi jtaka
sumaz¢jo. Kai elektrolito tirpalo pH buvo 10, kuloninis efektyvumas sieké
beveik 100 %, taciau, per 100 cikly elektrodas prarado apie puse pradinés
talpos. Tai reiskia, kad Sarminé terpé jnesa pagrindinj indelj j elektrody talpos
praradima.

Elektrodui, ciklintam Sarminiame elektrolite, buvo uZzrasytos rentgeno
spinduliy difraktogramos. Pasinaudojus vidinio standarto metodu buvo
nustatyta, kiek kristalinés NaTi(PO4); fazés lieka elektrode ciklinant.
Nustatytas kristalinés fazés praradimas (~ 15 %) buvo daug maZesnis ne
talpos praradimas ciklinant.
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Energijos dispersiné Rentgeno spinduliy spektroskopija parodé, kad,
nepaisant kristalinés fazés sumazéjimo, Ti kiekis elektrode isliko stabilus. Sie
rezultatai parodo, kad talpos praradimas vyksta dél netirpaus sluoksnio ant
aktyvios medZiagos pavir$iaus formavimosi. Sis sluoksnis blogina prieiga prie
aktyvios medziagos ir lemia kontakto ir talpos praradima.

Hibridiniai elektrolitai

Papildomy tirpikliy naudojimas padeda sukurti vandens-tirpiklis sgveiky
tinkla, kas sumazina vandens aktyvumg ir padeda pagerinti elektrocheminj
stabilumg. Saugiis ir nebrangiis tirpikliai dimetilsulfoksidas ir glicerolis
sudaro vandenilines jungtis su vandeniu, todél puikiai tinka ko-tirpiklio rolei.

Siam tyrimui buvo paruostos dvi elektrolity tirpaly serijos: su
dimetilsulfoksidu ir gliceroliu. Ko-tirpiklio kiekis tirpikliuose kito nuo 10 iki
60 mol%. Laidumo ir klampos tyrimai parodé, kad visy gauty elektrolity
tirpaly fizikocheminiai parametrai yra jau paskelbty ir naudojamy elektrolity
tirpaly laidumo ir klampos ribose. Linijiné skenuojanti voltamperometrija
padéjo issiaiskinti, kad didéjant ko-tirpiklio moliniam procentui elektrolito
tirpiklyje plétési elektrocheminio stabilumo langas. Ramano spektroskopijos
pagalba iSsiaiSkinta, kad tarp ko-tirpiklio ir vandens susidaro stipresni
vandeniliniai ryS$iai nei tarp vandens molekuliy. Elektrocheminis
charakterizavimas parodé, kad didinant ko-tirpiklio kiekj elektrolito tirpale
galima pasiekti auksta talpos stabilumg. Elektrodas, ciklintas vandeniniame
elektrolite prarado 72 % pradinés talpos, tuo metu kai panaudojus 40 ir 50
mol % glicerolio ir dimetilsulfoksido talpos netekimas sieké tik 5 ir 12 %,
atitinkamai. Toks talpos stabilumo pager¢jimas paaiskinamas sumaZzéjusiu
vandens aktyvumu ir mazesniu parazitiniy reakcijy indéliu. Savaiminio
iSsikrovimo tyrimas parodé, kad ko-tirpikliai padeda prailginti savaiminio
iSsikrovimo laika. Elektrolitu tirpalai, turintys glicerolio savo sudétyje, parodé
geresnj atsparuma procesams, kurie sunaudoja elektrodo kriivj — parazitinéms
reakcijoms ir difuzijai. Dél didesnés klampos glicerolis sudaro prastesnes
salygas difuzijai, tad elektrodai ilgiau lieka jkrauti. Ko-tirpikliy naudojimas
turéjo teigiamos jtakos ne tik NaTi,(POs)s, bet ir Naj ssFe[Fe(CN)g] - 2,28H,0
elektrodui. Pilna baterija, susidedanti i§ Siy elektrody, buvo surinkta ir
elektrochemiskai istirta hibridiniuose elektrolituose. Tyrimas atskleidzia, kad
ko-tirpikliy panaudojimas padéjo iSplésti ciklinimo potencialy langus, gauti
aukstesnes talpas ir geresnj kuloninj efektyvuma. Tai byloja apie sékminga
parazitiniy reakcijy slopinima.

Redukuojantys priedai
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Kaip jau i$siaiSkinta, cheminé deguonies redukcija vaidina svarbiausig
vaidmenj elektrodo talpos degradacijoje. Redukuojanciy priedy, tokiy kaip
hidrazinas, panaudojimas leidzia atsikratyti nepageidaujamos istirpusios
deguonies elektrolito tirpale:

N,H, + 0, — 2H,0 + N, (5)

0,1 M hidrazino buvo pridéta j tris skirtingus elektrolity tirpalus: su
neutraliu pH, su Sarminiu pH ir su DMSO ko-tirpikliu. Elektrody (su ir be
hidrazino) galvanostatinio  iSkrovimo/jkrovimo rezultatai palyginti
tarpusavyje ir parodyta, kad hidrazinas tur¢jo itin teigiamos jtakos talpos
stabilumui. Talpos stabilumo pageréjimas akivaizdziausias elektrolito tirpalui
su Sarminiu pH. Be redukuojancio priedo jo talpos stabilumas sieké vos 9 %,
0 0,1 M hidrazino padéjo nuslopinti chemin¢ deguonies redukcijg ir talpos
stabilumas pakilo iki 75 %. Neutraliame elektrolito tirpale, kur deguonies
skyrimosi jtaka yra stipresné, talpos stabilumas paaugo nuo 30 % iki 53 %.
Elektrolito tirpalas su ko-tirpikliu sékmingai slopina vandenilio skyrimosi
reakcijg, todél, pasalinus i$ jo istirpusj deguonj, talpos stabilumas ciklinant
pasikeite 1§ 80 % iki 97 %. Toks rezultatas pabrézia, kad sujungus hibridinio
elektrolito ir redukuojancio agento privalumus galima gauti elektrolito tirpala,
kuriame beveik nevyksta Salutinés reakcijos.

Organiniy tirpikliy pagrindo elektrolitai

Organiniuose elektrolituose nevyksta deguonies ir vandenilio skyrimosi
reakcijos, todél, palyginti su vandeniniais elektrolitais, jie gali veikti
platesniame jtampos diapazone.'®® Sis platesnis elektrocheminio stabilumo
diapazonas leidzia pasiekti didesnj energijos tankj baterijose, todél organiniai
elektrolitai tinkami naudoti tais atvejais, kai reikia kompaktisky ir lengvy
energijos saugojimo sprendimy. Be to, daugelis didelés energijos elektrody
medziagy, pavyzdziui, litis ir natris, yra stabilesnés ir (arba) geriau veikia su
organiniais elektrolitais. '** Sie privalumai tapo paskata apibuidinti elektrodus
aplinkoje, kurioje néra vandens, kad buty atskleistas visas elektrody
potencialas.

NaTiz(PO4);  elektrodai  buvo  tiriami  elektrolity  tirpaluose
propilenkarbonato pagrindu. NaPFs ir NATFSI — dvi populiarios organiniy
elektrolity druskos — buvo naudojamos elektrolitams paruosti. Galvanostatinis
ikrovimas/iSkrovimas parodé, kad NaTiy(PO4); elektrodai labai stabiliai
ciklinasi Siuose elektrolity tirpaluose (92 % ir 100 %). Toks stabilumas
nestebina, Zinant, kad elektrody nejtakoja nei vandenilio skyrimasis nei
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iStirpusios deguonies redukcija. Didesnis elektrolity tirpaly elektrocheminis
stabilumas leidzia pasiekti dar vieng NaTiy(PO4); redokso reakcijg Ti**/*", ir
gauti talpa, kurios negalima gauti elektrolituose. ISplétus ciklinimo potencialg
iki [0,2 — 2,4 V] buvo gautos apie 200 mAh/g pradinés talpos, kurios, deja
greitai degradavo ciklinant (62 % ir 65 %). Papildomy priedy naudojimas
nepadéjo pagerinti talpos stabilumo organiniuose elektrolity tirpaluose. Sie
rezultatai pabrézia, kad atsakingai parenkant vandeninio elektrolito sudétj
galima pasiekti elektrody nasumg analogiska organiniams elektrodams.

3.3.  RiSikliai

Priklausomai nuo polimero, suriSimas atsiranda dél cheminés (tiesioginis
suriS$imas) arba fizinés (netiesioginis suriSimas) saveikos. Tiesioginio arba
kovalentinio suri§imo atveju vyksta stipri polimerinés matricos adsorbcija ant
veikliosios medziagos. Netiesioginis suriSimas vyksta nesant reaktyviy
funkciniy grupiy dél mechaninés/fizikinés adsorbcijos veikliyjy medziagy
paviriuje. Siame darbe tiek tiesioginiai, tick netiesioginiai risikliai tiriami
NaTix(PO4); elektrode vandeniniuose elektrolituose.

Netiesioginiai riSikliai

Polivinildenfluoridas Siuo mety yra placiausiai naudojamas polimerinis
riSiklis. Jis yra itin chemiskai atsparus ir stabilus, tadiau nepasizymi gera
adhezija prie metaly. Dél to visi elektrodai turi buti perkeliami ant
nerdijanéio plieno tinklelio. Sis papildomas Zingsnis yra technologiskai
nenaudingas, nes reikalauja papildomy sgnaudy. Polivinilidenfluorido
adhezija prie metaly buvo bandyta pagerinti silaniniais junginiais, kurie
daznai naudojami adhezijos gerinimui. Naudojant 5 % Siy priedy adhezija
buvo Zenkliai pagerinta, bet nepakankamai, kad metodas biity praktiskai
pritaikomas. Tuo paciu metu elektrody pradinés talpos sumazgéjo. Tikétina,
kad adhezija gerinan¢ios medziagos suformavo izoliuojantj sluoksnj ant
aktyviyjy medziagy pavirsiaus.

Kitas polimeras naudojamas kaip netiesioginis riSiklis NaTix(POa)s
elektroduose buvo poliimidas kaptonas. Standartinéje formuluotéje, kurioje
polimerai sudaro 10 % visos elektrodo masés, kaptonas neturéjo tokio pat
sukibimo su metaliniu substratu kaip gryna kaptono plévelé. Taip pat buvo
paruostas elektrodas, kurio 20 % sudaro kaptonas ir 60 % aktyvioji medziaga.
Padidinus risiklio kiekj du kartus, adhezija labai nepageréjo. Abu elektrodai
buvo perkelti ant tinklelio, siekiant istirti jy elektrochemines savybes. Pradinj
greita talpos sumazéjimg galima paaiskinti elektrocheminiu kaptono
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nestabilumu vandenyje, kurj atskleidé CV tyrimas. I§ jkrovimo/iskrovimo
rezultaty matyti, kad, nepaisant to, jog nebuvo uztikrintas pageidaujamas
sukibimas, didesnis risiklio kiekis padéjo padidinti prading bandinio talpg (66
ir 95 mAh/g). Elektrodas su 20 % kaptono pasiZymi mazesniu cikliniu
stabilumu nei elektrodas polivinilidenfluorido pagrindu (54 % palyginti su 79
%). Be to elektrodai su kaptonu turi prasta sukibimg su metalu, sudétinga
paruo§imo procedira, sumazéjusj aktyviosios medziagos kiekj ir negali
sudaryti konkurencijos elektrodams su polivinilidenfluoridu.

Dar vienas polimeras naudojamas kaip netiesioginis riSiklis NaTix(POa4)s
elektroduose yra poli(etilen-ko-vinil acetatas). Siam tyrimui elektrodas buvo
paruostas pagal modifikuota procediirg: veiklioji medziaga ir anglis buvo
disperguotos tirpale, gautame istirpinant poli(etilen-ko-vinil acetato) granules
toluene 60 °C temperatiiroje. KarSta dispersija buvo liejama tiesiai ant
nertdijancio plieno folijos. ISgarinus tirpiklj gautas lankstus ir patvarus
elektrodas. Elektrodai buvo charakterizuoti galvanostatiskai ciklinant ir
parodyta, kad poli(etilen-ko-vinil acetato) turintis elektrodas pasizymi
geresniu talpos stabilumu (86 %), palyginti su polivinilidenfluoridu (21 %).
Tai patvirtina puiky elektrodo sukibimg su srovés kolektoriumi ciklinimo
metu. Mazesng prading talpa (80 mAh/g) galima paaiskinti netobula
paruo§imo procediira: maiSyma reikéjo atlikti esant aukstai temperatiirai, todél
jo nebuvo galima atlikti planetiniame maltine. MaiSant magnetine maisykle,
suspensija galéjo buti maziau homogeniska nei noréta. Taip pat gali biti, kad
EVA ant veikliosios medziagos pavirSiaus suformavo izoliacing plévele.
Taciau, esant tokiam talpos stabilumui, mazesné¢ pradiné talpa neatsveria
akivaizdziy adhezijos prie metalo privalumy.

Tiesioginiai riSikliai

Poli(vinil butiralio-vinil alkoholio-vinil acetatas) (PVBA) buvo iSbandytas
NaTiz(POs); elektrodo sudétyje. Nepaisant didelio pradinio sukibimo su
metaliniu substratu, galvanostatiSkai ciklinant PVBA turintys elektrodai
greitai atsilupo nuo neriidijancio plieno folijos pavirSiaus. Nepaisant to,
elektrodas buvo perkeltas ant nertidijancio plieno tinklelio ir, atliekant
ciklinimo tyrima, nustatyta, kad PVBA ir polivinilidenfluorido pradinés talpos
buvo labai panaSios - 87 ir 89 mAh/g, atitinkamai. Talpos stabilumas atskleidé
nedidelj polivinilidenfluorido pranasumg (67 % pries 79 %). Tai galima
paaiskinti bendra reaktyviyjy grupiy tendencija sgveikauti su vandeniu ir
brinkti, todél gali keistis elektrodo tiiris ir kaip pasekmé prarandamas
kontaktas. Svarbu paminéti, kad §is polimeras yra tirpus izopropanolyje, o tai
gera alternatyva toksiSkam ir brangiam N-metil-2-pirolidonui. Papildomi
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tyrimai parodé¢, kad naudojant PVBA galima gauti 1000 pm storio elektroda
kai polivinilidenfluoridui buvo nustatyta 300 pum storio kritiné riba, kai
elektrodai dar gaunami be jtrikkimy ir su geru vientisumu. Elektrodo storis turi
didele reikSme elektrodo energijos tankiui, nes storesni elektrodai gali
sumazinti elektrochemiskai neaktyviy medziagy, tokiy kaip srovés kolektoriai
ir separatoriai, masés indelj i baterija.

Siam tyrimui poli(vinilo alkoholio-akrilo riigstis) PVA-PAA, kurios masés
santykis yra 4:1, buvo paruosta kopolimerizuojant $ias medziagas. Elektrodai
su Siuo kopolimeru buvo paruosti pagal standarting procediirg. Kaip ir PVBA,
Sis riSiklis pasizymejo sukibimu su metalu vandenyje, taciau po pirmujy cikly
atsiskyré nuo metalinio pagrindo. Siekiant istirti PVA-PAA riSamgsias
savybes, elektrodas buvo perkeltas ant neriidijan¢iojo plieno tinklelio.
Galvanostatiskai ciklinant §j elektroda talpos stabilumas sieké 61 % po 100
cikly. Literatiros analizé parode, kad PVA-PAA tinklas persitvarko
priklausomai nuo tirpalo pH.?'"* Nustatyta, kad didesnés pH vertés sukelia
brinkima, todél ciklinimo metu mazéja talpa ir talpos stabilumas. Elektrolito
buferiavimas riig§tingje terpéje pagerinty risiklio stabiluma, taciau paskatinty
vandenilio skyrimgsi. Hibridiniy elektrolity naudojimas galéty sumazinti
vandens aktyvumga ir suSvelninti brinkimo poveikj.

4. Pagrindiniai rezultatai ir iSvados

Siame darbe buvo paruosti, apibadinti ir optimizuoti vandeniniy natrio
jony baterijy aktyviis komponentai. Daugiausia démesio skirta
kompozitiniams elektrodams, kuriy sudétyje yra NASICON  strukttros
medziagy, tokiy kaip NaTix(POs); ir Na;VTi(POs)s, ir elektrolity tirpalams,
kurie pagaminti vandens ir paprasty drusky pagrindu. Sio darbo i§vadas
galima apibendrinti taip:

1. NaTix(POs)s elektrody talpa ir ciklo stabilumas labai priklauso nuo
anglies daleliy dangos ir laidziyjy priedy. NaTix(PO4); dalelés gali buti
padengtos anglimi pirolizés bidu vykdant organiniy junginiy pirolize
inertingje aplinkoje. Bandiniai, padengti citriny riig§ties pirolizés metodu,
pasizyméjo geresniu talpos stabilumu esant mazesnei anglies masei nei
bandiniai, padengti gliukozés pirolizés budu, greiiausiai dél skirtingos Siy
junginiy pirolizés ir grafitizacijos temperatiros. Bandiniai, padengti
pavir§inio polidopamino pirolizés biidu, pasiZyméjo zymiai tolygesnémis,
kontroliuojamomis ir atsikartojanc¢iomis anglies dangomis. Tam, kad biity
uztikrintas toks pat talpos stabilumas, reikalingas perpus mazesnis anglies
kiekis nei citrinos riigsties pirolizés atveju.
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2. Nustatyta, kad optimalus laidziosios anglies priedo kiekis
kompozitiniuose NaTiy(POs); elektroduose yra 20 masés %. Praktiniam
naudojimui tolesnis uzpildo kiekio didinimas yra nejmanomas. Perkeliant
elektrodus ant nertidijanciojo plieno tinklelio mechaniskai suspaudus,
gaunamas didesnis tankis ir mazesnis porétumas. Optimalios elektrocheminés
savybés, susijusios su pradinémis talpomis ir talpos stabilumu, buvo pasiektos
atliekant hidraulinj suspaudima, kai slégis buvo maZzesnis nei 6 t. Elektrodo
dispersijos mai§ymo trukmé ruoSiant elektrodus turi didele jtaka anglies
dispersijai ir elektrody tankiui. Jvedus papildoma sausy komponenty
iSankstinio maiSymo etapg, pasieckiamas dar geresnis elektrodo tankis ir
tolygumas. Po 1 val. sausy komponenty iSankstinio mai§ymo ir 2 val.
suspensijos maiSymo elektrodo viduje susidaro optimalus laidus anglies
tinklas.

3. Cheminé deguonies redukcijos reakcija, kurig katalizuoja Ti", esantis
ikrautame Na3Ti2(POs)s3, yra pagrindiné parazitiné reakcija, lemianti savaiminj
i§sikrovimg ir pH padidéjimg vandeniniuose elektrolity tirpaluose. Vandenilio
iSsiskyrimas taip pat yra svarbus, ypa¢ esant mazai O, koncentracijai ir C
greiciui. Deguonies paSalinimas ir pH buferiavimas yra naudingi NaTix(PO4)3
elektrody talpos stabilumui ciklinimo metu. Jrodyta, kad Sarmin¢ aplinka yra
pagrindiné NaTix(PO4); elektrody degradacijos priezastis, dél kurios
prarandama talpa. EDX, XRD ir NMR analizés rodo, kad talpos praradimas
tiesiogiai susijes ne su Ti iStirpimu elektrolite, o su netirpios Ti turincios fazés,
blokuojancios elektrocheming reakcija, susidarymu.

4. Papildomy organiniy tirpikliy, pavyzdziui, glicerolio ir DMSO,
naudojimas pertvarko vandens vandeniliniy rySiy tinkla, sumazindamas
santykinj vandens aktyvuma ir gerokai iSplésdamas elektrocheminio
stabilumo langg. Tai slopina vandenilio ir deguonies iSsiskyrima, todél
pailgéja savaiminio iSsikrovimo laikas ir pasiekiamas Zymiai geresnis talpos
stabilumas. NaTix(PO4)s - Naj gsFe[Fe(CN)s]-2,28H,O pilnai baterijai taip pat
naudingi organiniai papildomi tirpikliai: pasiekiami platesni jtampos langai ir
Zymiai geresnis talpos stabilumas. Nedideli redukuojanciy medziagy, tokiy
kaip hidrazinas, kiekiai efektyviai suriSa deguonj ir slopina deguonies
redukcijos reakcijg, todél galima paruosti subalansuotos talpos Na, VTi(PO4)s-
Na,VTi(POs)s baterijas, kuriy talpa islieka stabili.

5. Siloksano pagrindu pagaminty sukibimg skatinan¢iy medziagy
nepakanka, kad biity iSvengta kompozity atsisluoksniavimo nuo neriidijancio
plieno folijos vandeniniuose elektrolituose ciklinimo metu. Elektrochemiskai
aktyvis ir hidrofiliniai poliimidai, tokie kaip kaptonas, uZztikrina gera
elektrodo sukibimg ir tam tikra prading papildoma jkrovos talpa. Taciau
sukibimas su metaline folija néra pakankamas, greiciausiai dél paties riSiklio
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elektrocheminio aktyvumo. Termoplastinis poli(etileno-vinilacetato) (PEVA)
polimerinis riSiklis uztikrina geras mechanines savybes ir net elektrody
kompozito sukibimg su neriidijan¢io plieno folijos pavirSiumi, gerg prading
talpa ir talpos stabilumg. Nustatyta, kad PEVA yra perspektyviausia riSamoji
medziaga vandeninéms sistemoms. Nustatyta, kad poli(vinilbutiralas-ko-
vinilo alkoholis-ko-vinilacetatas) (PVBA) kopolimeras yra geriausiai
veikiantis tiesioginis riSiklis. PVBA pagrindu pagaminti kompozitiniai
elektrodai pasizymi geru talpos stabilumu, panasiu j PVDF. Kiti PVBA
privalumai - suderinamumas su maziau toksiSkais tirpikliais, tokiais kaip
izopropanolis, ir didesné veikliosios medziagos mase. Polivinilo alkoholio ir
akrilo rugsties kopolimeras taip pat pasizymi geru talpos stabilumu, panasiu j
PVDF. Talpos degradacija ciklinimo metu buvo siejamas su iSbrinkimu dél
elektrolity Sarméjimo. Svarbiausias §ios riSamosios medziagos privalumas —
tirpumas vandenyje, todél ji yra ekologiskiausias Siame tyrime nustatytas
riSiklis.
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