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Abstract

Batteries, and more specifically lithium-ion batteries, have been one of the greatest successes in
the field of energy storage of the last century. In view of the increasingly growing energy storage
demands, however, battery technologies must be diversified with respect to their specific
requirements in distinct applications. For the stationary storage, sodium-ion battery represents
the most appealing alternative to lithium-ion battery, owing to the abundance and low cost of
foreseen raw materials, driving the energy storage to high-scale and low cost. Although several
materials have been explored, further progresses toward high performance cathode materials are
still needed. Polyanionic compounds, which have already shown their successful implementation
in lithium-ion batteries, represent a promising class of cathode materials also for sodium-ion
batteries, providing several advantages including high thermal stabilities, improved oxidative
stability at high voltages and flat voltage response.

This thesis mainly focuses on the design strategy, synthesis, characterization, and investigation of
phosphate-based polyanionic cathodes for SIBs, as well as their implementations in practical

electrochemical cells to achieve safe, low-cost, environmental friendly and high performance SIBs.

Sodium vanadium phosphate, NasV2(POs)3, has been identified as one of the most promising
polyanionic cathode materials, showing attractive specific energy density and structural stability
upon cycling. However, one of the main drawbacks is represented by the poor electric conductivity
and high kinetic barrier for Na diffusion resulting in unsatisfactory electrochemical performance.
In this regard, within the thesis framework, a strategy combining nitrogen-doped carbon coating
of the active material has been developed. A systematic investigation of the carbon coating effect
on the structural and electrochemical properties have been analyzed. The results demonstrate
that the nature of the carbon-nitrogen defective species and carbon matrices has different impacts
on the structure and electrochemical performance. By properly adjusting these two parameters,
NasV2(PO.)s/C composites have been synthesized exhibiting superior long-term cyclability and
rate capability due to reduced electrode polarizations resulting from the enhanced
electronic/ionic conductivities and facilitated charge transfer at the electrode-electrolyte interface.

Beside the improvements of known materials to enable their practical use, the research performed
within this thesis also involves the development of novel materials characterized by high operating
voltage in order to boost the energy. New high voltage phosphate-based cathodes for SIBs have
been designed, by optimizing the synthesis parameters and by investigating the structural and

morphological properties combined with the study of the sodium storage mechanism. A new



mixed phosphate polyanionic compound, i.e. NasNi3(POa4)2(P-0Oy7), has been proposed. For the first
time, the electrochemical activity of the Ni2*/3+ redox couple has been reported within the mixed
polyanionic framework during sodium intercalation. The developed material exhibits a working
potential as high as 4.8 V, resulting in a theoretical energy density of about 600 Wh kg in sodium
cell configuration. Furthermore, it is also demonstrated that the vanadium redox couple (V3+/4+)
has a higher potential when using more electronegative polyanionic groups such as N(POs)s. The
synthesized NaszV(POs)sN material delivered a potential of 4.0 V, which is higher than the one
exhibited by NasV2(POa)s. Both in situ and ex situ X-ray diffraction techniques were used to unfold
the sodium mobility in the structure. Such explorations expanded the group of suitable material
to be used as cathodes in SIBs, paving the way for the discovery of new Na-based high potential
cathode materials.

In line with the low cost and environmental friendly philosophy of SIBs, efforts were devoted to
the design of full cell prototypes, including the use of polyanionic electrode materials both in non-
aqueous and aqueous electrolytic media. A symmetric NaxVTi(PO4)3//Na:VTi(PO4)s and an
asymmetric NaTi2(POa4)3//NaszV2(PO4)s cell prototypes were investigated. In conventional organic
electrolyte, these two configurations exhibit attractive power capability and cycling stability. In
addition, the NaTi2(PO4)s//NasV2(PO4)s cell offers a remarkable high efficiency at high power
rates with long cycle life which are suitable characteristic for application in grid-scale energy
storage. To further reduce the cost and improve the safety, these prototypes were also investigated
in aqueous electrolyte solutions. Indeed, the use of concentrated agueous electrolyte of “water-in-
salt” or aqueous/nonaqueous hybrid electrolytes stabilize the structure of polyanionic materials
by forming a resistive but protective interphase, responsible of the stable cycling performance and
good rate capability. These results provide important insight for the development of low cost SIBs
for large-scale energy storage application characterized by excellent electrochemical performance.

The research conducted within the thesis framework clearly demonstrates that polyanionic
phosphate compounds are promising and appealing candidates for application as cathode
materials in SIBs. The design and optimization of the structural properties of the proposed
materials in combination with the investigation of the structural-function correlation in sodium
cells led to the identification of novel high voltage cathode materials with superior electrochemical
performance. In addition, the investigated possibility of replacing the commonly employed
organic electrolyte with aqueous ones by using polyanionic materials as electrodes defines new
safer, lower cost, longer cycle life energy storage technologies for large-scale stationary
applications.



Kurzzusammenfassung

Natrium-lonen Batterien (NIBn) kdnnen potentiell aus giinstigen und einfach verfligbaren
Rohmaterialien hergestellt werden, und sind deshalb eine aussichtsreiche Alternative gegeniber
LIBn, fur preiswerte stationdre Energiespeicher. Polyanionische Verbindungen, die bereits
erfolgreich in Lithium-lonen-Batterien eingesetzt wurden, stellen wegen ihrer hohen
thermischen und elektrochemischen Stabilitdt, und ihrer flachen Spannungsantwort eine

vielversprechende Klasse von Kathodenmaterialien fur Natriumionenbatterien dar.

Diese Dissertation konzentriert sich hauptsichlich auf die Entwicklung, Synthese,
Charakterisierung und Untersuchung von polyanionischen Kathoden auf Phosphatbasis fur
sichere, kostengunstige, umweltfreundliche und hochleistungsféahige NIBn.

Natriumvanadiumphosphat, NasV2(PO4)s;, wurde aufgrund der hohen spezifischen Energie und
der strukturellen Stabilitat, als eines der vielversprechendsten polyanionischen
Kathodenmaterialien identifiziert. Allerdings fuhren die schlechte elektrische Leitfahigkeit und
kinetisch gehinderte Na-Diffusion zu einer unbefriedigenden elektrochemischen Leistung. Im
Rahmen dieser Dissertation wurden Strategien entwickelt, das Aktivmaterial mit einer
stickstoffdotierte Kohlenstoffbeschichtung zu kombiniert. Der Effekt der
Kohlenstoffbeschichtung auf strukturelle und elektrochemische Eigenschaften wurde
systematisch analysiert. Die Ergebnisse zeigen, dass die Struktur der Kohlenstoff-Stickstoff
Defekte und der Kohlenstoffmatrix bestimmend ist flr die elektrochemischen Eigenschaften.
Durch Einstellung dieser beiden Parameter wurden NasV2(PO4)s/C-Komposite synthetisiert, die
aufgrund einer verbesserten elektronischen/ionischen Leitfahigkeiten und eines erleichterten
Ladungstransfers an der Elektroden-Elektrolyt-Grenzflache eine reduzierter
Elektrodenpolarisation und, dadurch eine verbesserte Zyklisierbarkeit und Ratenfahigkeit
aufweisen.

Neben den Verbesserungen bekannter Materialien wurden in der vorliegenden Arbeit neuartige
Materialien mit hoher Betriebsspannung, und somit gesteigerter Energiedichte, entwickelt. Fur
die Entwicklung von phosphat-basierten Hochvolt-Kathoden fur NIBn wurden
Syntheseparameter optimiert und strukturelle und morphologische Eigenschaften sowie der
Natriumspeichermechanismus untersucht. NasNiz(PO4)2(P-07) wurde als neue polyanionische
Phosphatverbindung vorgeschlagen. Erstmalig wurde die elektrochemische Aktivitat des Ni2+/3+ -
Redoxpaars innerhalb des gemischten polyanionischen  Gerlsts wahrend der

Natriuminterkalation beschrieben. Das entwickelte Material weist ein Arbeitspotential von bis zu



48 V auf, was zu einer theoretischen Energiedichte von etwa 600 Wh kgt in
Natriumzellenkonfiguration fuhrt. Darlber hinaus wird gezeigt, dass die Verwendung von
elektronegativeren polyanionischen Gruppen wie N(PO3):z das Potential des Vanadium-
Redoxpaars (V3+/4+) erhoht. So liefert das synthetisierte NasV(POs):N ein Potenzial von 4.0 V, also
hoher als das von NasV2(PO.)s. Die Natriummobilitéat in der Struktur wurde sowohl durch In-situ
als auch ex-situ Rontgenbeugungstechniken untersucht. Durch diese Untersuchungen wurde die
Gruppe geeigneter Materialien, die als Kathoden in NIBs verwendet werden kénnen erweitert,
und der Weg fur die Entdeckung neuer Na-basierter Kathodenmaterialien mit hohem
Arbeitspotential geebnet.

Es wurden Vollzellenprototypen zu entwickelt, die polyanionischen Elektrodenmaterialien
sowohl mit nicht-wassrigen als auch mit wassrigen Elektrolytlosungen kombinieren. Dabei wurde
ein symmetrischer NaxVTi(PO.)s//NaVTi(PO.); - und ein asymmetrischer NaTix(PO4)s//
NasV2(PO.)s- Zellprototyp untersucht. In herkdmmlichen organischen Elektrolyten zeigen beide
Konfigurationen eine gute Ratenfahigkeit bei hoher Zyklenstabilitat. Darliber hinaus bieten
NaTi2(POa.)s//NasV2(PO4)3-Zellen eine bemerkenswert hohe Energieeffizienz, insbesondere bei
hoher Leistung, und eine lange Lebensdauer, und sind daher fur stationdre Anwendung geeignet.
Zur weiteren Kostensenkung und zur Erhéhung der Sicherheit, wurden aul’erdem Prototypen mit
wassrigen Elektrolytldsungen untersucht. Dabei fuhrt die Verwendung von konzentrierten
wassrigen Elektrolyten, sogenannten "Wasser-in-Salz" Elektrolyten, oder die Verwendung von
wassrigen/nichtwassrigen  Hybridelektrolyten  zur  Stabilisierung der  Struktur von
polyanionischen Phosphatverbindungen. Die Stabilisierung wird durch die Bildung einer
widerstandsfahigen und schitzenden Grenzschicht erreicht, die fur die gute Zyklisierbarkeit und
Ratenfahigkeit verantwortlich ist. Diese Ergebnisse liefern wichtige Erkenntnisse fur die
Entwicklung von kostenguinstigen und leistungsfahigen NIBn fir groldtechnische
Energiespeicheranwendungen.

Die im Rahmen dieser Arbeit durchgefihrte Forschung zeigt deutlich, dass polyanionische
Phosphatverbindungen  vielversprechende  Kandidaten  fir die  Anwendung als
Kathodenmaterialien in NIBn sind. Das Design und die Optimierung struktureller Eigenschaften
der Materialien fuhrten zur ldentifizierung von neuen Hochvolt-Kathodenmaterialien mit
Uberlegener elektrochemischer Leistung. DarlUber hinaus bietet sich bei diesen Materialien die
Maoglichkeit, durch die Verwendung von wassrigen Elektrolyten anstelle der ublicherweise
organischen Elektrolyte, neue, sicherere und kostengiinstigere Energiespeichertechnologien mit

langerer Zyklen Lebensdauer flir grof3e stationdare Anwendungen zu entwickeln.
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Introduction

Chapter 1

Introduction

1.1 Background and Motivation

Global concerns over climate change and constraints of fossil fuels as primary power source have
led to the exploration of green and sustainable energy sources, such as solar, wind, geothermal
and tidal power.l1 Nevertheless, the implant of these technologies into grid requires the
integration of efficient energy storage systems. Rechargeable batteries with cost-effective and
environmentally friendly features represent the most promising strategy to efficiently store
energy.[

Lithium-ion batteries (L1Bs) are one of the greatest successes for electrochemical energy storage
applications of the past century. They are light, compact and offer outstanding energy and power
density performance. For this reason, LIBs are dominating the market for portable electronics,
hybrid and electric vehicles (EV) application.[3 41 However, in view of the increasingly growing
field of electric mobility an increasingly growing demand of lithium has been observed with a
consequent increase of the lithium price and rising concerns about the future availability of
lithium supply. In fact, the major lithium sources are concentrated in brine deposits located in
South America and in the Greenbushes mine in Australia. Moreover, the lithium market is
dominated by few companies such as Albemarle (ALB US), owing Rockwood Lithium, SQM (SQM
US), FMC (FMC US) and Chengdu Tiangi (China), which control around 50% of the total amount
of lithium supply.3! In this context, considering the associated potential risks of an economical
and geopolitical dependency of lithium supply countries and industries, the consequent
uncertainties on the lithium price and the lesson learned from the economic dependency from oil
and fossil fuels states the search for alternative battery chemistries appears mandatory.

Sodium represents the most appealing alternative to lithium. Firstly studied during the 80s
alongside with LIBs, sodium-ion batteries (SIBs) were sidelined due to the more promising
features of LIBs especially in terms of energy density. [6: 71 The recent renewed interest in SIBs has
been mainly driven by the low cost of the raw materials due to their greater abundance (4t most
abundant element in the Earth’s crust) and uniform distribution, resulting in a lower economic
and geopolitical impact.[8-1° In their most common configurations, both technologies operate

through the “rocking chair mechanism” involving the reversible shuttle of alkali ions between two
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host electrodes through an electrolyte medium conducting the alkali ions. Being characterized by
a rather similar working principle, the development of SIBs may strongly benefit from the great
advances achieved in the field of LIBs within the last 30 years. Indeed, in very few years promising
results and an accelerated knowledge has been achieved compared to the LIBs technology and a
rather facile implementation of SIBs production in industrial LIBs manufacturers is foreseen.
Moreover, the use of sodium-based electrolyte systems and the implementation of aluminum as
current collector at the anode side instead of the more expensive copper, represent further cost
advantages with respect to LIBs.['1 However, due to the larger ionic radius of sodium and its
higher redox potential, SIBs possess an intrinsically lower energy density compared to LIBs.[12]
Nonetheless, these issues can be (partially) addressed via the development of proper electrode
materials, allowing for energy density values comparable to the current lithium-ion technology.
Continual improvements in power, energy density and safety are required to keep up with the

changes in technology.

1.2 Rechargeable Alkali-ion Batteries

1.2.1 Working Mechanisms: “rocking-chair”

NaNi,,Mn,,0, Disordered Carbon

Figure 1-1. Schematics of “rocking-chair” mechanism and sodium-ion batteries. Adapted from
referencel!sl.
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Batteries are electrochemical devices, which operate by converting chemical energy into electrical
energy. A battery consists of one or more electrochemical cells mainly containing a positive
electrode (cathode), a negative electrode (anode), a separator and an electrolyte media (ion
conductor). During battery operation, the electron migration through an electronic conductor
(electrodes) is accompanied by the ion migration through an ionic conductor (electrolyte) in the
opposite direction, ensuring the preservation of electro neutrality.l[l Based on the reversibility of
the chemical reactions, batteries can be classified into primary and secondary batteries. Primary
batteries are designed to be used only once, as the occurring reactions are not (fully) reversible.
Secondary batteries, also known as rechargeable batteries, can be recharged after having been
discharged and the application of an electric current reverses the chemical reactions occurring
upondischarge. The term “alkali-ion battery” refers to a family of alkali-ion chemistries, for which
the alkali ions act as the charge carrier. A rechargeable alkali-ion battery, also referred to as
rocking-chair or swing battery (see Figure 1-1), is a specific type of a rechargeable battery for
which the alkali-ion, e.g. Li, Na, K, etc., moves from the negative electrode to the positive electrode
upon discharge and back upon charge.

1.2.2 Sodium-ion Batteries

“Rocking-chair” sodium-ion batteries, as the name indicates already, employ sodium ions as
charge carrier, which can reversibly move between the cathode and anode in the ion conductive
electrolyte. The battery components and the electrical storage mechanism are very similar to the
lithium-ion technology. However, there are some obvious differences between the two systems.
Na* ions ionic radii (1.02 A) is larger than the one of Li* ions (0.76 A), affecting the phase stability,
transport properties, and interphase formation. Sodium is also heavier than lithium (23 g mol-!
compared to 6.9 g mol?) and has a higher standard electrode potential (-2.71 V vs. SHE as
compared to -3.02 V for lithium); thus, SIBs will be characterized in principle by a lower specific
energy density when compared to LIBs.’I Nonetheless, due to the massively growing demand for
energy storage systems, SIBs provide an attractive alternative because of the wide availability and
accessibility of sodium. Recently, the breakthrough in material science has led to the design of
promising materials for application in SIBs, characterized by improved electrochemical
performance and cycle life. Despite the great achievement so far reached, it is worth to consider
that SIBs are still at an early stage of research and development, thus further improvements in
energy density, safety and cost are required before a successful commercialization of large scale
SIBs.
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Figure 1-2. The illustration of electrode and electrolyte materials in sodium-ion battery system.
Adapted from referencel4l.

1.3 Materials for Sodium-ion Batteries

Materials play a crucial role in the development of high-performance battery systems. Figure 1-
2 illustrates the several representative candidate materials such as cathode and anode materials,
electrolytes, separators, and binders that have been identifies so far as the most promising choices.
The performance and safety of rechargeable batteries depend strongly on the employed materials.
An ideal battery system should fulfill performance, cost and safety requirements for every final
dedicated application. All of these parameters are strongly dependent and affected by the nature
of the employed electrode materials and electrolyte media.

1.3.1 Materials Considerations

The energy density of alkali ion batteries is strongly dependent by the average working voltage
and the delivered specific capacity. Thus, in an effort to boost energy density, a rational design of
electrode materials involves an optimization of the above mentioned parameters. In ideal
conditions, the electromotive force (EMF) is given by the chemical potential difference between
the cathode and the anode, which from a physical point of view, is translated into the difference
of the electrochemical potential of the electrodes, given by the position of the Fermi level, between
the anode and the cathode.[** The working voltage of an alkali-ion cell is generally limited by the
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electrochemical stability window of the electrolyte, which is determined by the difference in
energy between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the electrolyte. Both electrodes should be selected taking into
account that negative electrodes having a Fermi level higher than the LUMO of the electrolyte will
favor electrolyte reduction, while the selection of positive electrodes with a Fermi level lower in
energy than the HOMO will lead to electrolyte oxidation.[4 16.17]

Another crucial parameter to take into account is the cost-effectiveness of the developed battery
prototypes. It has been reported that even if the cost of Na-precursors is lower respect to the ones
employed in LIBs, the foreseen economic advantage is still not sufficient to compensate for the
lower energy density of SIBs when compared to LIBs.['8 191 A boosted energy density alongside
with an improved cycle life is highly desired for the next generation rechargeable batteries
characterized by low cost. The latter one is certainly strongly affected by the raw materials
employed as well as the synthesis methodology adopted, which are two crucial parameters to be

taken into account when developing the next generation SIBs materials.

1.3.2 Anode Materials

Up to now, various anode materials have been reported, which can be divided into three main
groups based on the reaction mechanism involving sodium ions. Insertion-type compounds
(carbon-based materials,[?0! titanium-based materials),[?1 de-/alloying materials (Sn, Sb, Ge),[22
and conversion-type compounds like transition metal oxides (or sulfides, phosphides, nitrides).[23]
In addition, pure sodium metal also shows promising performance as anode commonly employed
in room temperature Na-S, Na-O; batteries. However, sodium forms dendrites even more
vigorously than lithium and it generally become unstable towards thermal runaway during cycling.
Moreover, the increase in temperature during cell operation may lead to the melting of metallic
sodium and cause a violent reaction. Consequently, the use of metallic sodium as an anode
material would be a poor choice as it implies severe safety concerns.[24]

The ideal anode material should exhibit a low de-/sodiation voltage to allow for a large cell voltage,
which can be translated in high energy density. On the other hand, it should be considered that
too low working potentials might result in a pronounced cathodic (reductive) electrolyte
decomposition and consequent instability of the solid/electrolyte interphase (SEI) in addition to
the safety issues related to metal plating and dendrite growth.[251 The specific capacity of the anode
is another critical parameter. Generally, the determining factors are represented by the available
“space” (structural sites) to accommodate sodium ions, the ability to change the valence state (at
least for insertion- and conversion-type compounds) and the reversibility of the de-/sodiation
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reaction. A significant breakthrough of the energy density of sodium-ion cells may be achieved by
employing beyond-insertion anode materials.[]
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Figure 1-3. Schematic energy level diagram for a sodium-ion battery, illustrating the origin of
the EMF (electromotive force). The Fermi level of the Na metal anode is reported above the LUMO
of the electrolyte indicating reduction of the electrolyte and SEI formation. During de-
intercalation of sodium at the cathode, the Fermi level will shift down as indicated by the grey

arrow. Adapted from referencel®l.

1.3.3 Electrolytes

Electrolytes used for batteries should provide a high ionic conductivity, while being electronically
insulating, so that the ions (e.g., Na*) can “easily” shuttle from the anode to the cathode and vice
versa, while preventing a significant self-discharge. During cell operation, the electrolyte should
sustain all Faradaic processes occurring at the electrodes. This means that the electrolyte should
exhibit a wide electrochemical stability window, so that there won’t be any substantial electrolyte
degradation within the range of the working potentials of both cathode and anode. Besides, the
electrolyte should not react with any other cell component, such as the separator, current

collectors and cell packaging materials. Moreover, the applicable electrolytes should be of low




Introduction

toxicity and cost, meaning that the elements are ideally abundant and the synthesis processes are
easily scalable and facile. Based on these considerations, the electrolytes of interest for sodium-
ion batteries can be classified into 1) aqueous systems consisting of sodium salts in water, 2) non-
aqueous electrolytes consisting of sodium salts dissolved in organic solvents, e.g., 1M NaPF in
propylene carbonate (PC), 3) ionic liquid-based electrolytes consisting of an organic salt (R*X-)
doped with a fraction of the sodium salt equivalent (Na+X-), 4) solid electrolytes including solid
polymer electrolytes and ceramic electrolytes, and 5) hybrid electrolytes containing both liquid

and solid components.

1.3.4 Cathode Materials

Given that cathode materials are the key component which substantially determine the final
energy density and cost of a battery, in the past few years, tremendous efforts have been devoted
to explore suitable positive electrode materials with high reversible capacity, fast Na ion
insertion/extraction, and good cycling stability. Currently, most of the materials so far
investigated are essentially lithium analogues, which can be classified into two main categories,
i.e. layered oxides and polyanionic compounds. Prussian blue and organic materials have also
been examined as cathode materials for SIBs.

1.3.4.1 Layered transition-metal oxides

Sodium-based transition metal layered oxides with general formula NaxMO- consist of alternately
stacking of edge sharing MOg octahedral layers and Na ions layers. According to Delmas et al. [7],
layered materials can be further categorized into two main groups: P2 or O3 type according to the
Nat+ environment and the number of transition metal layers in the repeating unit cell The symbols
“P” and “O” represent a prismatic or octahedral coordination environment of the Na ions,
respectively, and the “2” or “3” suggests the number of transition metal layers with different kinds
of O stacking in a single unit cell.[26]

Among the cathode candidates, single transition metal layered oxides NaxMO, (M =V, Cr, Mn, Fe,
Co, Ni) have been studied, although the initial investigations resulted in poor specific capacity and
low retention.[27-29] |t has been reported that a proper selection of transition metals within the
layered structure is a very promising strategy to obtain structurally and electrochemically
improved P2-type phases for application in Na cells.[30-321 Combining different transition metals
leads to the obtainment of advanced materials with tunable and desirable properties reflected on
the cycling behavior, such as a high working voltage and solid solution like smooth voltage profile.

A great number of materials have been published including NaNiy3Mny3C01/302,
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NaNiysFesMnys02,  NaxFe2Mny202,  NaosNio.2sFeo1sMnoesO2,  NazzsMnysFesCo1/302,
Naz/3sNi2Mni202 and Nao sNio.22Alp.11MNp 6602.130: 32-371 Among them manganese and iron based
compounds appeared to be of particular interest due to the high abundance and low cost of the

raw material.

Extensive research on this class of compounds have led to the obtainment of very promising
cathode materials, nevertheless many issues affecting the overall electrochemical performances
need to be addressed. Indeed, the electrochemical behavior of layered oxides, in terms of long
term cycling stability and energy density, is generally strongly affected by multiple phase
transitions and voltage decay upon cycling. In addition, another issue associated with the use of
layered oxides is their structural instability when exposed to air and especially to moisture.

@) (1/3, 213, 0) Co 00
i I | 2 —_—

B ! c
g NN

© 0 O . P—
S NN A
B _B

03 P3

Figure 1-4. A schematic illustration of the crystal structures for layered Na-containing oxides
(NaxMOy) for a) P2-type, b) O2-type, ¢) O3-type, and d) P3-type stacking. The blue and yellow
balls represent the transition metal and Na* ions in the O-type frameworks, respectively. Adapted

from referencel2él,
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1.3.4.2 Metal hexacyanoferrates

Prussian blue (PB) and its analogs (PBAs, A;M[Fe(CN)g], M = Fe, Co, Mn, Ni, Cu, etc.) are a large
family of transition-metal hexacyanoferrates with an open framework structure, abundant redox-
active sites, and strong structural stability.[38] Particularly, due to their large ionic channels and
interstices in the lattice, PBs are one of the few host materials that can accommodate larger alkali
cations, such as Na* and K* ions, for a fast and efficient reversible insertion reactions. Benefiting
from this structural feature, PB compounds have been intensively investigated as a new

alternative and low-cost Na-insertion cathode during the past five years.
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Figure 1-5. The schematic crystal structures of Prussian blue frameworks: a) an intact
Na:M[Fen(CN)e] framework, b) a defective NaMu[Fen(CN)eslo.7s-0025s framework with 25%

Fe(CN)s vacancies existing in each unit cell. Adapted from referencef3sl,
1.3.4.3 Polyanionic compounds

By definition, polyanion-type electrode materials are a type of compounds that contain a series of
tetrahedral anionic units (XO4)™ or their derivatives (XmOszm+1)™ (X = S, P, Si, As, Mo, or W)
connected with strong covalent-bonded MOy polyhedra (M represents a transition metal).[3% In
most of the polyanion-type compounds, the polyanionic unit not only allows for fast ion
conduction within the open framework, but also stabilizes the operative redox potentials of the
comprised transition metals. Such a special connection results in a high structural stability also
upon sodium ion insertion and extraction. Compared to layered oxides the strong X-O bonding in
polyanion-type compounds can introduce ionicity in M-O bonding and the weaker ionic bonding
in M-O increases the distance between its antibonding orbitals vis-a-vis the A/A* redox couple,
leading to a higher redox potential. This is called the “inductive effect” in polyanion-type electrode
materials. Furthermore, the strong X-O covalent bonds greatly improve the stability of O in the
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lattice, thus increasing the safety of such materials, which make them very appealing for

application in rechargeable batteries.

1.4 Polyanionic Cathodes for Sodium-ion Batteries

1.4.1 Single Polyanion Group

Single polyanionic frameworks, consisting of only one kind of polyanionic groups, such as (SO.)2-,
(PO4)3-, (P207) 4, and (SiO4)*-, have been widely investigated as electrode active materials in SIBs.
In fact, a rather “simple” structure, AxM(XO.), has shown promising performance in batteries.[“0l
More complex structures, including different polyanionic groups and different transition metal
redox centers generally allow for tuning and further optimization of the electrochemical

properties.

1.4.2 Mixed Polyanion Groups

Along with the development of single polyanionic compounds, the mixed polyanion concept
comes from the idea of tuning the redox couples in NASICON structured materials by anionic
substitution, which was firstly introduced by Goodenough et al. in 1998.141 More recently
theoretical studies predicted that the combination of YOs2°r3- and XO43°r4- (Y = C, B; X = Si, As,
P) could give a series of new AxM(YO3)(X0Os) compounds (A = Li, Na; M =a redox transition metal,
and x = 0-3) suitable for use as cathode materials.[421 The existence of a continuous, wide
compositional domain in a mixed-polyanion system will significantly enrich material design

strategies and contribute to the development of new cathode materials for SIBs.

1.4.3 Phosphate Polyanions

Phosphate framework-based materials have attracted increasing attention due to their excellent
electrochemical performance and versatile structure. Accordingly, they are considered as
promising Na storage electrodes — not least based on the following considerations: (i) Phosphate
frameworks have high structural stability due to the very stable P-O bond, thus ensuring long-
term cycling and enhanced safety content; the thermal properties of phosphate materials are
linked directly to the stability of the phosphate-metal bonds, which greatly reduce the likelihood
of oxygen release from the structure; (ii) the 3D framework possesses many (and rather large)
interstitial sites, hence leading to lower volumetric expansion during Na ion insertion/extraction,

which benefits the structural stability; (iii) phosphate or other substituent groups exhibit an
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inductive effect on the redox couple, thus enabling higher redox potential values vs. Na/Na*.
Phosphate framework materials exhibit a very versatile and adjustable structure reflected in a
variety of electrochemical responses. Examples include phosphates, pyrophosphates, mixed
anions, and materials with various redox centers (Fe, V, Mn, Ni, Co, et al.). Up to now, diverse
phosphate-based polyanionic frameworks can be realized by (i) edge/corner sharing coordination
of simple PO43- units, (ii) multiple PO43- units forming metaphosphates and pyrophosphates, (iii)
the combination of mixed polyanions (e.g., PO4-P-0O7) and (iv) the combination of PO43- units with
other anions (e.g., F-, OH-, N3-). However, the olivine-type structured NaMPQ4, as the analogue
of LIMPQy, is not thermodynamically stable and crystallizes in the maricite phase when prepared
by solid-state synthesis procedure. As one of the most typical representatives of phosphate-based
polyanionic compounds, pyrophosphate-structured compounds like Na,MP>0O; and NASICON-
structured NaxM2(PO4); (M = a transition metal) represent the most investigated compounds for

application in SIBs.
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Figure 1-6. Crystal structure of (a) NaFePO4 and (b) Na-FeP207, ¢) NasFe3(PO4)2(P207). Adapted

from referencesf43-45],

1.5 Limits of Polyanionic Cathodes for Sodium-ion Batteries

1.5.1 Electronic Conductivity

Despite the several advantages above mentioned, one of the main disadvantages of polyanionic
compounds is represented by their poor electronic conductivity, which limit and hinders their
practical application. Indeed, the low conductivity significantly affects the reversible capacity and
rate capability. Among the widely studied polyanionic compounds for application in SIBs, the
most promising materials are certainly represented by vanadium-based phosphates and
fluorophosphates due to their relatively high theoretical energy density conferred by the relatively
high working voltage and the satisfactory theoretical specific capacity. However, the theoretical
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capacity can hardly be achieved due to the poor electronic conductivity of the pristine compounds.
Moreover, the sluggish kinetics resulting from poor electron conduction and Na diffusion
generally reduce the rate capability and cycling stability. Hence, an improvement of the electronic
conductivity of would significantly affect the overall performance of the polyanionic cathodes.

1.5.2 Specific Capacity

Generally, the determining factors for the theoretical capacity are the available spaces to
accommodate ions, the ability to change the valence state of the redox couple involved in the de-
sodiation process and the degree of reversibility of the underlying reactions. A significant
breakthrough in the energy density of sodium-ion cells may be achieved by employing high
capacity electrode materials for both cathodes and anodes. Accordingly, the exploration of high
specific capacity polyanionic cathode represents an important direction for the realization of high
energy density SIBs. The specific capacity referred as the ability of store ions can be tuned by
making the mass (or volume) of the active materials per exchanged electron as small as possible,
resulting in maximized gravimetric and volumetric capacity.

1.5.3 Working Voltage

The working potential of the cathode plays a significant role for the improvement of the cell
voltage. Currently, cathode materials show specific capacities of 120—200 mA h g-! and operating
potentials of 2.6—3.5 V (much lower than the oxidation potential of electrolytes, >4.0 V). In order
to boost the energy density of SIBs, cathode materials with higher working voltage are required.
1.5.4 Structural Stability

Although polyanionic compounds are characterized by an improved structural stability compared
to layered oxides, further improvement is desired for the achievement of long lasting SIBs. When
a battery is charged, the ion concentration in the cathode decreases (de-sodiation) and the
vacancy concentration increases. At very low sodium content, the cathode’s crystal structure may
become no longer thermodynamically stable, thus leading to unfavorable phase transitions or
cathode degradation. For this reasons a rational design of the structural parameters of cathode

materials is fundamental for the obtainment of long cycle life cathode materials.

1.5.5 Strategies for the Materials Optimization
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Figure 1-7. General strategies for performance enhancement and their rationale. Adapted from

referencel46l,

Based on the above mentioned considerations, the optimization of existing cathode materials as
well as the exploration of new materials is a fundamental ongoing process in search of the next
generation high performance cathode materials. Despite the several advantages presented by
polyanionic compounds, several issues still need to be addressed before their commercialization
as cathode materials for application in SIBs. Materials’ optimization and design provide the
strategies for performance improvements in terms of structural stability, cycling stability and
electrochemical performance in terms of energy density. To meet the cycling stability and rate
capability requirements, carbon coatings and particle size and morphology control through
specific synthesis conditions have shown promising results toward performance improvements
by reducing the Na* diffusion length and facilitating the electron conduction. As indicated in
Figure 1-7, there are several strategies for the performance enhancement of polyanionic cathodes.
In addition of the improvement of the active material, the optimization of the electrolyte system
has a great impact on the electrochemical performance, e.g., by forming suitable passivation
layers on the electrode surface and limiting the solubility of the active material upon cycling.

1.5.6 Strategies for the Materials Design

To design new polyanionic frameworks, enabling high energy density SIBs, an enhancement of
the provided capacity and increase of the operational potential is essential. The theoretical
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capacity of the materials for the sodium storage is related to the specific amount of charges
involved in electrochemical reaction. A multi-electron redox process with the insertion/extraction
of more than one sodium ion per transition metal ion is preferred, especially as heavy inactive
counter cations (P, S, Si, Wo, etc.) decrease the specific capacity and energy. By using lighter
polyanionic units with the same transition metal redox center, the specific capacity may be highly
improved. For example, borates contain the lightest polyanionic units (BOs) and, thus, have a
higher theoretical capacity (~200 mA h g) than LiFePO4 (~170 mA h g-). The theoretically
specific capacity (Qwm) of the electrode materials can be calculated according to the following

equation, knows as Faraday’s law (1-1):

Qen(mAh g™t = (1-1)

where n is the number of electrons involved in the electrochemical reaction; F is the Faraday
constant (96485 C/mol) and M is the molecular weight of the compound.
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To achieve a high cell voltage, a high-voltage cathode is required. There are two general
approaches for the material design in this case. The first one consist in the choice of a high
potential transition metals as the redox center. As shown in Figure 1-8, the working voltage
depends on the A/A* redox couple of the redox active (transition) metal. The second one involves
some considerations on the aforementioned inductive effect, which further increases the
operational potential. The inductive effect comes into play when another atom X is introduced to
form M-O-X bonds. If X has a higher electronegativity than M, the covalency between M-O will
be lowered, which will lead to higher potential. According to Pauling’s electronegativity values,
SOs-based compounds would theoretically offer the highest possible redox potential in

isostructural polyanionic frameworks.

1.6 Synthesis Method and Characterization Techniques

1.6.1 Synthesis Method: Solid State Synthesis

The most common synthesis route for cathode materials is the solid state approach. In this
method, the precursors’ powders are mixed and intimately ground to guarantee a very-fine
homogenized final powder. The step is conducted either by hands in a mortar or by mechanical
milling. Following a high-temperature treatment is conducted to enable the reactions between the
mixed precursors to finally form a thermodynamically stable ceramic (quenching strategies may
be applied at the end of the thermal treatment to ensure freezing of the final thermodynamic
phase). The feasibility of the solid-state approach for the obtainment of polyanionic cathodes
strongly depends on the specific anion chemistry and stability of the final products. In general,
due to the strength of the P-O bond, the phosphate-based polyanions can be easily synthesized by
solid state method. It is worth mentioning that the obtainment of the crystal structure does not
always reflect in the obtainment of electrochemical active materials. Indeed, as an example, direct
high-temperature synthesis generally produces olivine-type NaFePO. but usually leads to the
formation of the thermodynamically favored maricite phase, which exhibits poor electrochemical
activity because of its one-dimensional edge-sharing FeOes octahedrons, which hinders Na-ions
migration (see Figure 1-6). In this thesis work, all the materials investigated have been

synthesized via solid-state method.

1.6.2 Materials Characterization

1.6.2.1 X-ray powder diffraction
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X-ray powder diffraction (XRD) is an analytical technique used for the determination of the
structural properties of crystalline materials. The development of this technique as well as the
introduction of the Rietveld method, which uses a least squares approach to refine a theoretical
diffraction spectrum until it matches the experimental one, allow for an accurate determination
of the structural information of the investigated compound. For known compounds, primary
reference XRD patterns are available from the Joint Committee on Powder Diffraction Standards
(JCPDS) to qualitatively verify the successful synthesis of the materials. For new materials, the
Rietveld method is generally used to refine the crystal parameters such as atomic positions and
sites, occupancy, lattice parameters, crystallite size, preferred orientation or the ratio of different
phases, etc.

1.6.2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive, quantitative spectroscopic
technique which can measure the elemental composition, chemical state and electronic state of
the elements with a sampling depth ranging from 1 to 10 nm. XPS spectra are obtained by
irradiating a material with an X-ray beam, while simultaneously measuring the kinetic energy and
number of electrons that escape from the material studied. Carbon materials exhibit full sp2 or
sp? hybridization or a combination in its typical structure. However, it also may be hybridized by
0, S, N heteroatoms in different ratios. XPS is one of the most efficient techniques for studying
the elemental compositions and in particular for the distribution and bonding of heteroatom
dopants in carbon materials.

1.6.2.3 Raman spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques used to provide
information on molecular vibrations and crystal structures. This technique uses a laser light
source to irradiate a sample, which upon contact with the sample generates an infinitesimal
amount of Raman scattered light, which is detected as a Raman spectrum. The characteristic
fingerprint patterns in a Raman spectrum can be used to identify the chemical nature and
structure of Raman-active substances, including polymorphs, and to evaluate local crystallinity,
orientation and stress. Here, Raman was used to identify graphite, and disorder in graphitic—

carbon materials, including carbon-containing composites.
1.6.2.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the loss of mass of a

sample is measured over time as the temperature changes. This measurement provides
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information about physical phenomena, as well as chemical phenomena including
chemisorptions, thermal decomposition, and solid-gas reactions (e.g., oxidation or reduction). In
general, TGA is commonly used to evaluate the thermal stability and to detect the oxidative mass
losses of a material.

1.6.2.5 Electron microscopy

An electron microscope is a microscope that uses an accelerated electron beam as a source to
characterize the morphology of materials. As the wavelength of an electron can be up to 100,000
times shorter than that of visible light photons, electron microscopes have a higher resolving
power than light microscopes and can reveal the structure of smaller objects. Scanning electron
microscopy (SEM) produces images by probing the specimen with a focused electron beam that
is scanned across the specimen in a raster pattern. Secondary electrons from inelastic scattering
provide information on the morphology and particle size of the sample. The characteristic X-rays
collected is used to further semi-quantitatively determine the elemental compositions —
commonly referred to as energy-dispersive X-ray spectroscopy (EDX). A transmission electron
microscope (TEM) applies higher accelerating voltages for the electron beam to study the
specimen. Transmitted electrons go through the specimen and thus additionally provide
information about the structure which is magnified by the objective lens system of the microscope
to create an image.

1.6.2.6 Nitrogen absorption and desorption

Surface area and porosity are two important physical properties of electrode materials that impact
the electrochemical performance in the cell. Gas absorption/desorption analysis is commonly
used for surface area and porosity measurements. This involves exposing solid materials to gases
or vapors at a variety of conditions and evaluating either the weight uptake or the sample volume.
Analysis of these data provides information regarding the physical characteristics of the solid
including: skeletal density, porosity, total pore volume, and pore size distribution. The Brunauer,
Emmett and Teller (BET) technique is the most common method for determining the surface area
of powders and porous materials. Nitrogen is usually used as the gas to be adsorbed, as it is widely
available in highly pure state and interacts with most of the solids. The surface area of the solid is
evaluated from the measured monolayer capacity and knowledge of the cross-sectional area of the
molecule being used as a probe. For the case of nitrogen, the cross-sectional area is taken as 16.2
Az/molecule.
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1.6.3 Electrochemical Characterization of Electrodes

1.6.3.1 Cell configurations

To electrochemically characterize the cathode materials herein synthesized, composite electrode
films are used. These are generally made using a doctor-blade or dry-rolling method and tested in
two- or three-electrode electrochemical cells. The detailed structures of a typical coin cell and T-

cell, as used in this thesis, are presented in Figure 1-9.
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Figure 1-9. (a) Coin cell structures and (b) T-cell structures.
1.6.3.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a controlled potential dynamic technique in which a linear potential
sweep is applied between the working and reference electrode in an electrochemical cell and the
evolving current between the working and the counter electrode is measured. Commonly, the
current is plotted versus the applied voltage to give the cyclic voltammogram trace, which reflects

the redox processes occurring at the working electrode.
1.6.3.3 Chronoamperometry

Chronoamperometry is a standard electrochemical technique to test the performance and cycling
stability of electrodes in half- and full-cell configuration. A controlled current is applied to the cell
while the potential response in dependence of the time is recorded. In a three electrode cell the
constant current is applied between the counter electrode and the working electrode while the
potential is measured by the reference electrode. Once a certain fixed potential (cut-off voltage)
is reached, the applied current is inverted inducing the occurrence of the reversed electrochemical
process. Generally, batteries are charged and discharged at a constant referred as C-rate and

calculated based on the theoretical capacity of the electrode(s). Indeed, the capacity of a battery
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is generally rated as 1C, which means that a fully charged battery rated at 1Ah should provide 1A

in one hour.
1.6.3.4 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a technique to measure the dielectric properties
of a medium as a function of frequency. It is usually determined by applying an AC potential to an
electrochemical cell and then measuring the evolving current, or vice versa. The impedance at a
given frequency is related to processes occurring at timescales of the inverse frequency (e.g., f=10
Hz, t=0.15). In a battery, EIS has been demonstrated to be a useful tool for the study of the charge
transfer and transport processes, as well as for the characterization of cell materials and

components — for instance, to determine the electronic or ionic conductivity.

1.6.4 Exsitu and in situ Analysis Techniques for Electrode Materials

The ex situ analysis of cycled electrodes is a powerful method to provide insights into the
structural and morphological evolution of the active material and electrode after cycling, by
enabling an in depth understanding of the battery failure mechanisms and the materials
degradation processes upon cycling. However, despite the meaningful information that ex-situ
analysis can deliver, it is worth mentioning that the reliability of the obtained results strongly
depends on the experimental conditions, such as the electrode washing procedure and the
potential contaminations occurring during sample preparation and analysis.

Over the years, several state-of-the-art in situ and operando analysis techniques have been
developed to understand how the electrochemical processes affect the individual battery
components under real operating conditions.[8] In situ surface- and bulk- techniques have been
widely applied to identify the material’ structural and morphological evolutions through the
development of customized electrochemical cells for different radiation sources. In situ X-ray-
based analysis, for instance, provides significant insights into the structural changes correlated to
the observed electrochemical processes. In this technique, an electrochemical cell is cycled while
diffraction patterns of the electrode active material are simultaneously collected for varying states
of charge and discharge. Thus, real-time changes of the lattice parameters and crystalline
structure during electrochemical cycling are observed during operation.

1.7 Thesis Overview

This thesis focuses on the development and study of phosphate-based polyanionic compounds as

cathode materials for SIB application. Several strategies are considered to address the limits of
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these materials. In the following sections, the synthesis, structure and electrochemical
performance of various electrode materials — together with the investigation of suitable electrolyte
systems — is provided. An improved understanding of the structure-function correlation of these
materials is given. In addition, their electrochemical optimization and, more generally, potential
strategies for the design of future sodium-ion batteries are described.

Specifically, Chapter 2 presents the synthesis method and the structural and electrochemical
investigation of NASICON-structured sodium vanadium phosphate materials as sodium-ion
cathodes. Downsizing and functional carbon coating strategies are adopted to improve their
performance. A nitrogen-doped carbon coating has shown particular improvement and its effect

on the structure and electrochemical performance are reported.

Chapter 3 describes the approach to synthesize new polyanionic cathodes with a high operating
voltage. The use of the Ni redox activity in mixed polyanionic structures and the combination of
highly electronegative polyanionic groups, such as (POz)3N, are explored with the target to
increase the working potential. The resulting structure-performance relations during sodium

insertion/extraction are discussed.

Chapter 4 demonstrates the investigation of full sodium-ion batteries based on NASICON
electrodes in non-aqueous and aqueous electrolyte systems. The NaxVTi(POas)s//NazVTi(PO4)3
and NaTi(PO.)s//NasV2(PO.)s configurations are fabricated in lab-scale prototypes.

Chapter 5 concludes the thesis.
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Chapter 2

Sodium Vanadium Phosphates as Cathodes in Sodium-ion

Batteries

The results in this chapter are partially published in the following publications:

1. Zhang, H.; Hasa, |.; Buchholz, D.; Qin, B.; Passerini, S., Effects of Nitrogen Doping
on the Structure and Performance of Carbon Coated NasV2(PO4)s Cathodes for
Sodium-ion Batteries. Carbon 2017, 124, 334-341.

2. Zhang, H.; Hasa, I.; Qin, B.; Diemant, T.; Buchholz, D.; Behm, R. J.; Passerini, S.,
Excellent Cycling Stability and Superior Rate Capability of NasV2(PO.)s Cathodes
Enabled by Nitrogen-Doped Carbon Interpenetration for Sodium-ion Batteries.
ChemElectroChem 2017, 4 (5), 1256-1263.
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2.1 Structure and Electrochemical Properties of Nitrogen-doped Carbon
Coated NasV2(PO4)3 Cathode

2.1.1 Intorduction

In the process of exploring an ideal cathode for sodium-ion batteries, much interest centers on
polyanionic compounds. The NASICON structured NasV2(PO4)s (NVP) shows a theoretical
specific energy of 400 Wh/kg (117.6 mAh/g and 3.4 V vs. Na*/Na with V3*/V4* redox couple) and
superior thermal stability which make it as a promising candidate cathode.[#0. 491 However, owing
to the insulating nature of the material as well as the large ionic radius of Na* and significant
kinetic barrier to Na* transport, a limit for durability and rate-capability has been proved as an
intrinsic barrier for the production in large-scale.3%1 One approach to overcoming this is to alter
the inherent conductivity by lattice doping. Practically, Mg, Cr,[52 Mn,[531 and B 34 dopants
have been proved to be beneficial to the electrochemical performance, leading to lower internal
resistance and favorable electrode-electrolyte interface. Moreover, carbon has been widely
explored as conductivity contributor and templates as well.[35-571 Among these, the NVP particles
embedded in hierarchical carbon frameworks exhibit superior rate capability and cycling
performance, attributed to the conductive carbon skeletons and nanoconfined NVP particles.[58-
61 This provision of efficient electron and ion transport is a critical issue in advancing the NVP

materials as practical cathodes for sodium-ion batteries.

As an important group of carbon derivatives, nitrogen-doped carbon with lattice defects and
surface functionalities shows extraordinary interfacial properties with the electrolyte which has
already been demonstrated for electro-catalysts and supercapacitor electrodes.[62-641 Furthermore,
it can also be an intriguing coating material for electronically insulating electrodes materials in
batteries. For example, Hu et al. utilized N-containing ionic liquids as precursors to synthesize
the N-C coated Li4TisO:2 materials which exhibited superior rate capability and excellent cycling
performance in lithium-ion batteries. Both the experimental and theoretical investigations
demonstrated that the N-doped carbon coating can strongly improve the interfacial stability and
electric conductivity, which is extremely beneficial for the electrochemical performance.5. 661
Accordingly, the N-doped carbon has already been used to improve the performance of NVP
materials and, indeed, the N-doped carbon from pyrolyzing the N-contained polymer or
biomolecules was found to efficiently improve the stability and reversibility of NVP cathodes[67-
691 However, the impact of the N-doping on the structure of carbon layer as well as the

electrochemical properties of NVP electrodes is still not fully understood.

22



Sodium vanadium phosphate

In this work, we propose a simple approach to control the preparation of N-doped carbon coated
NVP materials with various nitrogen contents. Furthermore, we demonstrate how the structural
and electrochemical properties of N-doped carbon coated NVP materials are affected by the
presence of N in the carbon layer.

2.1.2 Experimental Methods
2.1.2.1 Materials synthesis

Stoichiometric amounts of CH3;COONa-3H.0 (VWR, =99%), VO(CsH;02). (Acros Organics,
>99%), NH4H,PO, (Alfa Aesar, >99%), CsHsO7-H.O (Alfa Aesar, 299%), and CsHesNs (Sigma
Aldrich, >99%) were ball-milled in acetone for 8 h and ground after drying at ambient
temperature to obtain the precursors. The final products were obtained by pre-heating the
precursors at 300 °C for 4 h and final sintering at 800 °C for 8 h under Ar atmosphere in a tube
furnace. For the purpose of comparison, NVP/ONC, NVP/6.7NC and NVP/10.8NC with different
nitrogen content (0%, 6.7%, and 10.8%) were prepared by controlling the amount of added
melamine precursor (weight ratio of melamine to citric acid is 0:3 for NVP/ONC, 1:3 for
NVP/6.7NC and 2:3 for NVP/10.8NC).

2.1.2.2 Materials characterization

X-ray diffraction analysis was performed in Bragg-Brentano geometry using a Bruker D8 Advance
diffractometer (Bruker, Germany). All diffractograms were recorded with Cu Ka radiation (A =
0.154 nm) in the 20 range of 10° - 70° with a step size of 0.01° and step time of 0.5 s. Morphological
characterization was conducted on ZEISS 1550VP Field Emission SEM (Carl Zeiss, Germany).
Thermal gravimetric analysis (TGA) was determined by a thermogravimetric analyzer (TGA-209F,
Netzsch, Germany). Raman spectra were collected using a Renishaw 2000 system (Renishaw,
United Kingdom) with a He-Ne laser (633 nm) and charge-coupled device detector. Spectra were
collected using the extended scanning mode from 880 to 1964 cm-1 and 10 s accumulation time,
with the single scan over the desired range taking 1 min to collect. XPS measurements were
performed using a PHI 5800 Multi Technique ESCA system (Physical Electronic, USA). The
spectra were acquired using monochromatic Al Ka (1486.6 €V) radiation. The Cls line with a

binding energy of 284.8 eV was used as reference.
2.1.2.3 Electrochemical measurements

The electrochemical tests were performed using Swagelok-type cells assembled in an argon-filled

glove box with H>0 and Oz contents lower than 1 ppm. Sodium half-cells were assembled by using
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glass fiber (Whatman) as separators, 1M NaPFs (Alfa Aesar, 99%) in propylene carbonate (PC)
with 2 wt.% fluoroethylene carbonate (FEC) (BASF, Battery Grade) as electrolyte and sodium
metal (99.8%, Acros Organics) as both counter and reference electrodes. The working electrodes
were prepared by doctor-blade casting a slurry with 80 wt.% of active material, 10 wt.% of carbon
black (Super C65, IMERYS) and 10 wt.% of polyvinylidenefluoride (6020 Solef, Solvay Group) in
N-methyl-2-pyrrolidone (anhydrous, Sigma-Aldrich) on Al foil as current collector. After drying,
electrodes with a diameter of 12 mm were punched, pressed and dried at 120 °C under high
vacuum. The average active material mass loading is ~3.0 mg cm-2. A Maccor 4000 Battery system
(Maccor, USA) was used for the galvanostatic charge/discharge test. Cyclic voltammetry was
performed on a multichannel potentiostat/galvanostat (VMP2, Biologic Science Instruments,
France). Symmetric cells with two identical NVP electrodes were configured in two cathode-cells
for the impedance investigation. The AC impedance spectra were obtained at discharged state (1.0
V vs. Na*/Na) after a potentiostatic step for 30 min at 1.0 V with an AC oscillation of 10 mV
amplitude over the frequencies from 1 MHz to 10 mHz using a multichannel potentiostat/
galvanostat (VMP3, Biologic Science Instruments, France). All measurements were performed in
climatic chambers at 20 + 1 °C.

2.1.3 Results and Discussion

In order to investigate the effect of nitrogen on the structure and morphology of the prepared
NVP/C materials, pristine carbon coated NVP and N-doped carbon coated NVP with various
nitrogen contents were synthesized under the same conditions. The XRD patterns of prepared
NVP materials with various N-doped carbon coatings are presented in Figure 2-1a compared
with pristine NVP/C. As shown, the NVP/ONC, NVP/6.7NC and NVP/10.8NC composites can be
indexed to a rhombohedral NASICON structure (JCPDS No. 01-078-7289) with space group of
R-3c, which is consistent with previous reports.l’91 It is noteworthy that impurity phases are
present in the NVP/N-C sample (a weight ratio of melamine to citric acid 3:3), indicating that the
overdose of melamine in the precursors adversely affects the crystallization of NVP and introduces

the growth of impurities (see Figure 2-1b).
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Figure 2-1. XRD patterns of (a) NVP/ONC, NVP/6.7NC and NVP/10.8NC composites and (b)
NVP/NC composite (with an exceed melamine in weight ratio of melamine to citric acid 3:3).

25



Sodium vanadium phosphate

Figure 2-2. SEM images of (a) NVP/ONC, (b) NVP/6.7NC and (c) NVP/10.8NC.

The morphologies of prepared NVP/C powders were investigated by scanning electron
microscopy (SEM). As shown in Figure 2-2, all pristine carbon and N-doped carbon coated NVP
materials are composed of particles with irregular morphology. In addition, it is apparent that the
introduction of melamine into the precursors reduces the particle size and leads to a more uniform
morphology. To detect the carbon contents of these materials, thermogravimetric analysis (TGA)
was performed (see Figure 2-3). The carbon contents are 6.4 wt.%, 5.2 wt.%, and 3.4 wt.% for
NVP/ONC, NVP/6.7NC, and NVP/10.8NC, respectively. Apparently, the carbon content is
reduced when more melamine is added, which can be attributed to the pyrolysis of melamine
leading to the loss of carbon.
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Figure 2-3. TGA curves of NVP/NC composite.
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Figure 2-4. Raman spectra (&), normalized XPS C1s spectra (b) and high-resolution N1s spectra
(c, d) for various NVP composites.

Raman spectroscopy is an efficient technique to detect the complete structural information for
carbon materials.[’1 The Raman spectra of NVP/ONC, NVP/6.7NC and NVP/10.8NC composites
are displayed in Figure 2-4. All spectra present a D-band at 1357 cm-! and a G-band at 1593 cm-

1, which are characteristic for carbon materials and are associated with defects and graphitic
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carbon, respectively.[’21 The Io/lg ratio is used as one parameter to evaluate the disorder of carbon
materials. The value for pristine NVP/C is 1.14 and, interestingly, decreases to 1.07 for N doped
NVP/6.7NC, which indicates that the appropriate amount of N-doping can improve the
graphitization degree of carbon and, in consequence, enhance the electronic conductivity.
However, with higher N- contents doped into the carbon lattice, the Io/ls ratio increases to 1.15
which is higher than those in NVP/ONC and NVP/6.7NC. This can be explained via the extrinsic
defects on the surface of carbon.
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Figure 2-5. Normalized XPS Cls spectra (b) and high-resolution N1s spectra (c, d) for various
NVP composites.

XPS measurements were used to confirm the coexistence of different chemical states of N in the
carbon layer. No N is detected in the pristine NVP/C composite (Figure 2-5b). Moreover, the
high-resolution N 1s spectra in Figure 2-5c¢,d can be fitted by four peaks which can be identified
as chemisorbed nitrogen oxides (N-Ox) at 406.8 eV, quaternary nitrogen at 404.4 eV, pyrrolic
nitrogen at 401.1 eV and pyridinic nitrogen at 398.7 eV, respectively.8”. 731 The ratios of different
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N types in various NVP materials are shown in Table 2-1. Notably, the pyrrolic nitrogen (N2) is
dominantin NVP/6.7NC. However, for NVP/10.8NC for which an increasing amount of melamine
is used in the synthesis, both, the pyrrolic nitrogen and quaternary nitrogen contents, are reduced
to relatively low values. In contrast, the pyridinic nitrogen is increased which corresponds to a
higher amount of defects in NVP/10.8NC material and is consistent with Raman results. In
consequence the higher the amount of melamine in the synthesis the higher is also the content of
N doped into the carbon layer, as evidenced by the N/C- ratio which is increasing from 6.7% to
10.8% for NVP/6.7NC and NVP/10.8NC, respectively. These results indicate that the synthesis
method proposed herein, is effective to control the amount of defects as well as nitrogen in the

carbon layer, which is essential for materials design and optimization.

Table 2-1. Content of different N species in N-doped carbon coated NVP/6.7NC and
NVP/10.8NC composites.

NVP/6.7NC NVP/10.8NC

Pyridinic N1 26.5% 78.6%
Pyrrolic N2 62.6% 16.5%
Quaternary N3 5.6% 1.4%
N-oxide 5.3% 3.5%
N/C atomic ratio 6.7% 10.8%

The electrochemical performance of NVP/ONC, NVP/6.7NC and NVP/10.8NC was systematically
investigated in a three electrode Swagelok-type half-cell. Figure 2-6a,b,c show the initial
charge/discharge curves of various NVP electrodesat0.1C,0.5C,1C,5C,10C,and 20 C (1 C=110
mA g1) in the potential range of 2.5-4.2 V (vs. Na*/Na). As shown in Figure 2-6a, the initial
discharge capacities of NVP/ONC at0.1C,0.5C,1C,5C, 10 Cand 20 C are 109 mAh g1, 107 mAh
g1, 106 mAh g1, 103 mAh g1, 99 mAh g1, and 90 mAh g, respectively, while the NVP/6.7NC and
NVP/10.8NC deliver 113 mAh gt and 101 mAh g1, 111 mAh gt and 95 mAh g1, 110 mAh gt and 93
mAh g1, 105 mAh g! and 86 mAh g1, 99 mAh g and 81 mAh g1, 86 mAh g!and 74 mAh g1 at
each C-rate correspondingly. The improved capacity at low current density of the NVP/6.7NC
material compared to the other samples is due to the smaller particle size and high electric
conductivity associated with the graphitic carbon coating, which has also been identified from the
Raman analysis. However, when cycled at a current density as high as 20 C, the delivered
capacities of NVP/6.7NC (86 mAh g*) and NVP/10.8NC (74 mAh g*) are lower than that of
NVP/0ONC (90 mAh g?). This can be attributed to the graphitic carbon coating and high amount
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of extrinsic defects existed between the electrode and electrolyte which may block the Na diffusion
and lead to reduced specific capacity at high current rates.[74-761 Nevertheless, the Coulombic
efficiency of first cycle for NVP/10.8NC at 20 C is 97.4%, higher than NVP/ONC and NVP/6.7NC
of 95.0% and 96.3%, which is critical to achieving stable cycling performance. The rate capabilities
of the undoped and N-doped carbon coated NVP electrodes are displayed in Figure 2-6d. It is
evident that the NVP/10.8NC delivers lower capacity than the undoped and moderate doped ones,
nevertheless, all materials show good reversibility.
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Figure 2-6. Initial charge/discharge curves of (a) NVP/ONC, (b) NVP/6.7NC and (c)
NVP/10.8NC electrodes in the potential range of 2.5-4.2 V (vs. Na*/Na) recorded during a C-rate
capability tests. (d) Specific discharge capacity vs. cycle number for the cycling at various current
rates.

However, the NVP/10.8NC electrode exhibits the best cycling stability as shown in Figure 2-7.
At 20 C, the NVP/10.8NC delivers a stable discharge capacity of 71 mAh g-* after 1000 cycles which
corresponds to high capacity retention of 96% with respect to the initial capacity (74 mAh g1). In
contrast, the capacity retention of NVP/6.7NC is moderate (91%), and the one of NVP/ONC is
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inferior (86%). To better understand the effect of N-doped carbon coating on the high rate
performance of NVP cathode in sodium ion batteries, the voltage efficiencies at various C-rates,
i.e. the voltage difference at 50% state-of-charge (SOC) and 50% depth-of-discharge (DOD) from
the charge-discharge profiles, were calculated and the results are shown in Figure 2-8. At low C-
rate, the voltage efficiencies of NVP/ONC, NVP/6.7NC and NVP/10.8NC electrodes are 17 mV, 19
mVand19mVat0.1C, 36 mV, 23mV and 31 mV at 0.5 C, and 34 mV, 33 mV and 38 mV at 1 C,
respectively, showing no obvious improvement with the N-doping modification in the carbon
layers of NVP/C composites. However, when the C-rate increases to a higher value, the pristine
NVP/ONC material exhibits a severer increase on the voltage efficiency than those of NVP/6.7NC
and NVP/10.8NC. For example, the voltage efficiency of NVP/C increases to 252 mV at 20 C,
however, the values of NVP/6.7NC and NVP/10.8NC electrodes are only 147 mV and 143 mV,
respectively, showing strongly decreased polarization at high rate. This reflects that the N-doped
carbon coating facilitates the charge transfer at the electrode/electrolyte interface, which is
resulting in lower interfacial resistance. Therefore, the modification with rationally N-doped
carbon coating improves the capacity of NVP materials to some extent. Furthermore, with
increasing N doping content a lower discharge capacity at the same C-rate is obtained while the

cycling stability is gradually enhanced. These results are in agreement with the previous structural

analysis.
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Figure 2-7. (a) Long-term cycling performance and (b) capacity retention vs. cycling number of
NVP/ONC, NVP/6.7NC and NVP/10.8NC at 20 C.
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Figure 2-8. Voltage hysteresis at 50% depth-of-discharge (DOD) from the charge-discharge
profiles of NVP/ONC, NVP/6.7NC and NVP/10.8NC at various C-rates.

To further understand the effects of N-doped carbon on the electrochemical performance of NVP
electrodes, cyclic voltammetry (CV) was performed. The cyclic voltammograms were obtained in
a three-electrode half-cell between 2.5-4.2 V (vs. Na*/Na) at scan rates of 0.1 mV s, 0.5 mV s,
1.0 mV st 5.0 mV s, 10.0 mV st and are shown in Appendix Figure S2-1. For all electrodes
present a symmetric peak couple at around 3.4 V vs. Na*/Na is detected which is due to the redox
reaction of \3+/4+ [77.781 The CV profiles of NVP/ONC, NVP/6.7NC and NVP/10.8NC electrodes are
displayed in Figure 2-9a at a fixed scan rate of 0.5 mV s1. The anodic and cathodic peak of
NVP/6.7NC and NVP/10.8NC are separated by 0.17 V and 0.23 V which is much lower than that
of undoped NVP/C composite. Moreover, the peaks of the N-doped carbon coated NVP
composites are more symmetric and sharper than that of NVP/C which is demonstrating the
improved redox kinetics from the enhanced conductivity of the composites and is consistent with
the charge/discharge profiles.[’?1 The CV results enable the calculation of the apparent diffusion
coefficients (Dlna+) at the different peak positions via the simplified Randles-Sevcik Equation (2-
1)(80:

3 1 1
lp = k TlE A D].Na‘l'E CNa+ UE (2'1)
where iy is the peak current (A), k is a constant value of 2.69x10° C mol-! V-2, n is the charge-
transfer number of the electrochemical reaction, A is the contact area between the electrode and
electrolyte (the geometric area of 1.13 cm? for the disc electrode was used), Cna+ is the

concentration of Na* in electrode materials (3.47x10-3 mol cm-3 for NVP)[891, v is the scan rate (V
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s1). The calculated results are listed in Table 2-2. Obviously, the Dlna+ of NVP/6.7NC material is
slightly higher than those of NVP/ONC and NVP/10.8NC, but still in the same order of magnitude,
reflecting the fact that the N-carbon coating has no significant improvement on the ionic diffusion
in the bulk materials.
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Figure 2-9. (a) CV curves at 0.5 mV st in three-electrode half-cell and (b) Impedance spectra
obtained in symmetric cells of NVP/ONC, NVP/6.7NC and NVP/10.8NC electrodes at fully
discharged state (1.0 V) in the 5th and 35th cycle (inset: magnified high frequency region and

equivalent circuit).
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Table 2-2. Diffusion coefficients of Na* (Dcwna+, cmM2 s1) calculated from CV curves, and Ry (),

Ree (Q), Nat+ diffusion coefficients (Deisna+, ¢M? s1) in symmetric cells calculated from EIS

measurements.
CcVv EIS
Cathodic Dcvna+  Anodic DcVna+s  Risth Rrssth  Retsth  Ret 3sth  Deisnar
NVP/ONC 2.3x1012 1.5x10-12 4.8 9.9 22.4 49.3 4.6x1013
NVP/6.7NC 5.2x1012 5.6x10-12 2.6 5.9 12.0 16.1 8.2x1013
NVP/10.8NC 2.9x1012 2.6x1012 5.9 8.0 11.1 11.2 3.4x1013
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Figure 2-10. (a) Typical charge-discharge profiles of NVP symmetric cell at 0.1 C (11 mA g?) in
the 1.0-3.0 V voltage range. (b) Discharge curves at 0.1 C (11 mA g) of NVP electrode in 1.4-3.6 V
(vs. Na*/Na) potential range.

Electrochemical impedance spectroscopy (EIS) was applied to investigate the charge transfer
resistance and ionic diffusion behavior of prepared NVP cathodes. Symmetric two electrode cells
with NVP as both cathode and anode were assembled for the impedance measurement to avoid
the impact of the Na-metal electrode.[8 821 The symmetric NVP cell was cycled at 0.1C between
3.0-1.0V. Further information about the typical voltage profile of the symmetric NVP cell at 0.1C
between 3.0-1.0V as well as the electrochemical behavior between 3.6 V-1.4 V (vs. Na/Na*) in half
cell can be found in Figure 2-10 but also have been reported in literature.[*91 The impedance
spectra were collected at the discharged state (1.0 V) of the 5% and 35t cycles. The amplified
spectra at high frequency region are shown as inset in Figure 2-9b together with equivalent

circuit inset. The spectra were fitted using ZView software (version 3.3f, Scibner Associates Inc.)
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according to the equivalent circuit. Therein, the Re is the bulk resistance of the cell. R and CPE;
are the solid-electrolyte interface film resistance and film capacitance. The R and CPE refer to
the charge transfer resistance and double-layer capacitance in series with the Warburg impedance
W, respectively. The overall interfacial resistance of R can reflect the polarization behavior in
charge-discharge profiles. The diffusion coefficient (D2na+) of the NVP in the symmetric cells can
be calculated by Equation (2-2)[83l:

R2T?
2A2n4F4Cy g4 202

DZNa+ = (2-2)

where R is the gas constant (8.314 J mol-! K1), T is the absolute temperature in Kelvin (298.15 K),
A, Cna+ and n are the contact area, concentration of Na* in bulk material and number of electrons
in the same values with Equation (2-1), F is the Faraday constant (96500 C mol?) and o is the
Warburg coefficient. In Table 2-2, the fitted Ry, R and calculated D2na+ values are listed. The
film resistance (Rs) of NVP/ONC, NVP/6.7NC and NVP/10.8NC electrodes are 4.8 Q, 2.6 Q and
5.9 Q, respectively, and shows a slight increase to 9.9 Q, 5.9 Q and 8.0 Q. Moreover, with
increasing N-doped carbon coating content, the charge-transfer resistances (Rc) is reduced to
12.0 Q and 11.1 Q for NVP/6.7NC and NVP/10.8NC electrodes and lower than that of NVP/ONC
(22.4 Q). After 35t cycles, the R of the NVP/ONC electrode dramatically increases to 49.3 Q,
while the NVP/6.7NC and NVP/10.8NC electrodes exhibit only slight increases to 16.1 Q and 11.2
Q, respectively. This is demonstrating the facilitated interfacial charge-transfer and explains the
enhanced cycling stability of the NVP materials with N-doped carbon coating. The Na-ion
diffusion coefficients of the NVP composites calculated from EIS are one order of magnitude
smaller compared to those obtained from CV which is due to the method used for the calculation
of the diffusion coefficient.[84] Most importantly, both methods show the same trend, i.e., that the
NVP/6.7NC electrode exhibits a slightly improved diffusion coefficient. Overall, the results
demonstrate that an appropriate N-doped carbon coating can lead to improved interfacial
stability and facilitated charge transfer, which is resulting in the superior electrochemical

performance.
2.1.4 Conclusions

The nitrogen-doped carbon coated NazV2(POas)s composites have been synthesized by simple
solid-state method and investigated as cathodes in sodium ion batteries. The results demonstrate
that the N content plays a significant role on both the structure of carbon layer and
electrochemical performance of NazV2(PO4)s/C electrodes. It is confirmed that the N-doping in

the carbon later of NVP/C composite can improve the cycling stability in sodium ion batteries,
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due to the facilitated interfacial charge transfer. By tuning the amount of N doped into the carbon
lattice, various extrinsic defects are created. With appropriate amount of N-doping, a superior
electrochemical behavior is obtained as evident from the decreased voltage hysteresis, higher
capacity and better cycling stability. However, it should be noted that high contents of N doped
into the carbon lead to reduced reversible capacities. Summarizing, we believe that N-doped
carbon coatings are a promising strategy to increase the conductivity of, e.g., NVP electrode
materials and, thus, also important for the application of sodium ion batteries.
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2.2 Effect of Nitrogen-doped Carbon Matrix Dimensions on the
Electrochemical Properties of NazV2(PO4)s Cathode

2.2.1 Introduction

Owing to the fast Na* mobility in 3D framework, NasV2(PO4)s (NVP) has achieved ubiquitous
attention as promising cathode for SIBs.[85-871 However, as any NASICON compound, NVP suffers
from poor electronic conductivity, leading to low rate capability and reduced cyclability.[4°. 8]
Carbon coating, considered as the most efficient way to improve the materials electric
conductivity, is frequently applied to NVP materials. Additionally, the carbon framework, as
conductive template, may reduce active material particle growth leading to shortened ion pathway
and thus facilitated Nat* ion diffusion. For example, NVP in porous carbon matrix, generally
prepared by the solution-based method, exhibits superior rate capability, resulting from the high
Na+ accessibility in the conductive carbon skeleton.[79. 89 Besides, the use of hard carbon templates
also turned to be an efficient approach to constructing 3D open structure as well as improving the
conductivity. Jung et al. utilized graphene as conductive support to fabricate NVP/graphene
composite, which delivers outstanding rate capability.[®] Furthermore, a conventional freeze-
drying strategy was developed by Yu et al. to prepare a novel 3D NVP/C/rGO composite
architecture, enabling an ultralong cycle-life even at an extremely high rate of 100 C.[°1 Reviewing
more recent achievements in this respect, both amorphous carbon from pyrolysis of organic
precursors and hierarchical carbon frameworks could sufficiently satisfy the stringent
requirements of NasV2(POa4)s electrode materials in the construction of high-power and long life
sodium ion batteries for energy storage applications.[50. 61,92 93]

In the above part, we have already demonstrated that the nitrogen-doped carbon coating could
efficiently improve the electrochemical performance of NVP cathode materials for sodium ion
batteries. Moreover, Mai et al. employed various carbon matrices, i.e. acetylene carbon
nanospheres, carbon nanotubes and graphite nanosheets, to investigate the influence of carbon
dimension on the electrochemical performance, demonstrating that NVP dispersed in acetylene
carbon nanospheres exhibits the best performance even in symmetric sodium-ion batteries.[8!
Inspired by these, we propose an approach combining ball-milling and high temperature
calcination for the synthesis of NVP in N-doped carbon matrices. Also reported is the systematic
performance investigation of as-synthesized composite materials with various carbons, i.e.

pyrolytic carbon (C), carbon nanotubes (CNT), reduced graphene oxide nanosheets (rGO), and
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Ketjen black nanospheres (KB), as cathodes for sodium ion batteries. The final products are herein
after denoted as NVP/N-C, NVP/N-CNT, NVP/N-rGO, and NVP/N-KB, respectively.

In this approach, melamine is introduced by simple ball milling process, as mentioned nitrogen-
rich source among the precursors, which does not leave any additional carbon after pyrolysis.
Upon moderate calcination, the nitrogen originating from the decomposition of melamine dopes
the carbon (C, CNT, GO and KB) with surface defects, and reducing V4* to V3+ to form the well-
crystallized NasV2(PO4)s. With the N-doping, the NasV2(PO4)3/C composites exhibit superior rate
capability and cycling performance. In particular, NVP/N-CNT showed the best electrode

performance even in symmetric sodium-ion cells.
2.2.2 Experimental Methods
2.2.2.1 Materials synthesis

NasV2(PO.)s/N-X (with X= C, CNT, rGO, KB) composites were prepared by one-step solid state
reaction of the precursors under inert atmosphere. The latter ones were obtained by ball-milling
the appropriate stoichiometric amount of raw materials in acetone for 8h, followed by a drying
and grinding step at room temperature. Sodium acetate trihydrate (CHsCOONa-3H-0, VWR,
>99%), vanadyl acetylacetonate (VO(CsH-O2)2, Acros Organics, >99%), ammonium dihydrogen
phosphate (NHsH,PO., Alfa Aesar, >99%), citric acid monohydrate (CsHsO7-H.O, Alfa Aesar,
>99%), carbon nanotube (Sigma Aldrich, multi-walled, carbon >95%), graphene oxide monolayer
powders (Nanoinnova Technologies), Ketjen black (AkzoNobel, EC-600JD) and melamine
(CsHsNe, Sigma Aldrich, >99%) were used as received. The carbon nanotube and Ketjen black
were treated with concentrated HNOs; (Merck Millipore, 65%) at 60 °C for functional modification.
The obtained precursors were pre-heated at 300 °C for 4 h and sintered at 800 °C for 8 h in Ar
atmosphere to yield NVP/N-C, NVP/N-CNT, NVP/N-rGO and NVP/N-KB samples.

2.2.2.2 Materials characterization

X-ray diffraction analysis was performed in Bragg-Brentano geometry using a Bruker D8 Advance
diffractometer (Bruker, Germany). All diffractograms were recorded with CuKa radiation (A =
0.154 nm) in the 20 range of 10° - 70° with a step size of 0.01°. Morphological characterization
was conducted on ZEISS 1550VP Field Emission SEM (Carl Zeiss, Germany). Thermal analysis
was determined by a thermogravimetric analyzer (TGA-209F, Netzsch, Germany). Raman spectra
were collected using a Renishaw 2000 system (Renishaw, UK) with a He-Ne laser (633 nm) and
charge-coupled device detector. Spectra were collected using the extended scanning mode from

880 to 1964 cm-1 and 10 s accumulation time, a single scan over the desired range took 1 min to
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collect. XPS measurements were performed using a PHI 5800 Multi Technique ESCA system
(Physical Electronic, USA). The spectra were acquired using monochromatic Al Ka (1486.6 V)
radiation, a take-off angle of 45°, and pass energies at the electron analyzer of 29.35 and 93.9 eV
for detail and survey scans, respectively. The main Cls peak with a binding energy of 284.8 eV
was used for calibration.

2.2.2.3 Electrochemical measurements

The electrochemical tests were performed using three electrode Swagelok-type cells assembled in
an argon-filled glove box with H.O and O, contents lower than 1 ppm. Sodium half-cells were
assembled by using glass fiber (Whatman) as separator and sodium metal (99.8%, Acros Organics)
as counter and reference electrodes. 1M NaPFs (Alfa Aesar, 99%) in propylene carbonate (PC)
with 2 wt.% fluoroethylene carbonate (FEC) (BASF, Battery Grade) was used as electrolyte. The
working electrodes were prepared by doctor-blade casting a slurry (80 wt.% of active material, 10
wt.% of carbon black (Super C65, IMERYS) and 10 wt.% of polyvinylidenefluoride (6020 Solef,
Solvay Group) in N-methyl-2-pyrrolidone (anhydrous, Sigma-Aldrich)) on Al foil as current
collector. After drying, electrodes with a diameter of 12 mm were punched, pressed and dried at
120 °C under high vacuum. The mass loading of the final electrodes is about 2.5 mg cm-2. A Maccor
4000 Battery system (Maccor, USA) was used for the galvanostatic charge/discharge test at
various C-rates. Cyclic voltammetry was performed on a multichannel potentiostat/galvanostat
(VMP3, Biologic Science Instruments, France). All measurements were performed in climatic
chambers at a temperature of 20 £ 1 °C.

2.2.3 Results and Discussion

Structure and morphology of the synthesized NasV2(PO4)s materials (see Figure 2-11) were
investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). All the
diffraction reflections of NVP/N-C, NVP/N-CNT, NVP/N-rGO, and NVP/N-KB composites (see
Figure 2-11a, d, g and j, respectively) can be indexed to the well-defined NASICON structure,
rhombohedral R-3c space group, consistent with the standard diffraction pattern of NVP (JCPDS
card no. 53-0018).[781 Moreover, there is no obvious difference among the four XRD patterns,
suggesting that the melamine precursor and the carbon matrix formation do not adversely affect
the crystallization of NVP.
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Figure 2-11. XRD patterns, SEM images and schematic illustrations of NVP/N-C (a, b, c),
NVP/N-CNT (d, e, f), NVP/N-rGO (g, h, i), and NVP/N-KB (j, k, m) composites.

The morphology of the prepared NVP/N-C, NVP/N-CNT, NVP/N-rGO, and NVP/N-KB
composites is shown in Figure 2-11b, e, h and k, respectively. It is noteworthy that the NVP/N-
C material, obtained from the pyrolysis of citric acid, shows particles of irregular shape and
uneven size distribution. On the other hand, the NVP/N-CNT material exhibits a more uniform
particle size of about 200 nm and narrow size distribution. Regarding the NVP/N-rGO and
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NVP/N-KB composites it can be seen that the NVP grows on the graphene nanosheets and Ketjen
black nanoparticles, and aggregates into open networks which adopt the structural features of the
carbon templates. The various morphologies are represented by the schematic illustrations in
Figure 2-11c, f, i and m, respectively. The differences result from the carbon matrices introduced
into the precursors acting as templates for the NVP nanograins growth, thus controlling the
morphology. The intriguing morphology and conductivity of the carbon skeletons are expected to
contribute to the electronic and ionic conductivities of the fabricated electrodes, which are critical
for improving the electrochemical performance, especially, the rate capability and long-term
cycling stability. The carbon amount in each composite material, as detected by
thermogravimetric analysis is 3.4 wt.%, 4.8 wt.%, 2.0 wt.%, and 5.7 wt.%, respectively, for NVP/N-
C, NVP/N-CNT, NVP/N-rGO, and NVP/N-KB composites.

»D-band ! G-band
NVP/N-KB ;

NVP/N-rGO
NVP/N-CNT
NVP/N-C

Intensity/a.u.

800 1000 1200 1400 1600 1800 2000
Wavenumber (cm™)
Figure 2-12. Raman spectra (a), schematic structure of possible binding conditions of N in a

carbon lattice (b) and high-resolution XPS spectra of N1s (c—f) in NVP/N-C, NVP/N-CNT,
NVP/N-rGO, and NVP/N-KB composites.

In order to confirm the effect of N heteroatoms on the carbon frameworks of the NVP composites,
Raman spectra of all the samples were performed (Figure 2-12). In these spectra, broad D (1357
cm?) and G (1593 cmt) bands are observed, which are related to the defective and graphitic carbon,
respectively.l’2 The intensity ratio of the two bands (Ip/1¢) is an efficient parameter to assess the
structural disorder of carbon materials.[94-971 Specifically, the I/l values for NVP/N-C, NVP/N-
CNT, NVP/N-rGO, and NVP/N-KB samples are 1.16, 1.17, 1.13, and 1.16, respectively. NVP/N-
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CNT shows the largest value, indicating the highest number of defects caused by the introduction
of N heteroatoms into the sp2 carbon wall of CNT resulting in the structural disordering of the
hybridized frameworks.[9] This is rather important, because, as reported in literature,[¢5 671 the
functionalization with N can significantly improve the electric conductivity and create extrinsic
defects in the carbon layer, which, in turn, facilitate ions transfer across the interface between the
electrode and electrolyte. Both actions are expected to be beneficial for the performance of the

composite materials as electrodes.

Table 2-3. Contents of the N species and N/C atomic ratio in the N-doped carbon coated NVP
composites as obtained by XPS analysis.

NVP/N-C NVP/N-CNT NVP/N-rGO NVP/N-KB

Pyridinic N1 62.1% 35.0% 39.9% 41.2%
Pyrrolic N2 27.9% 47.7% 42.8% 38.2%
Quaternary N3 3.8% 9.3% 8.1% 7.8%
N-oxide 6.2% 8.0% 9.2% 12.8%
N/C atomic ratio 10.8% 3.3% 6.3% 3.9%

To clarify the nature of the N sites formed in the hybridized carbon frameworks, X-ray
photoelectron spectroscopy (XPS) measurements were also carried out on all samples. Figure 2-
13a-d display the high-resolution N1s spectra of the NVP composites. As shown, the pyridinic (N1)
nitrogen, which is formed by the substituting carbon atom on edges or defect sites in the plane,
plays a dominant role in the NVP/N-C material. Rather, the NVP composites based on the hard
carbon templates coating, namely the CNT, rGO, and KB, exhibit higher pyrrolic (N2) nitrogen
content, which can be associated to exposed edges and/or planar defects. The specific N/C atomic
ratios and the contents of various N species in NVP/N-C, NVP/N-CNT, NVP/N-rGO, and NVP/N-
KB composites are listed in Table 2-3. The content of various N species in NVP/N-CNT is 35.0%
(N1), 47.7% (N2) and 9.3% (N3), i.e., higher pyrrolic (N2) and quaternary (N3) nitrogen contents
than all other samples. On the other hand, since it is easier to dope N into the carbon framework
of NVP/N-C and NVP/N-rGO due to the in-situ formation progress of carbon from the pyrolysis
of citric acid and the originally existing functional groups and defects in the structure of graphene
oxide, the N/C ratio of NVP/N-C and NVP/N-rGO are substantially higher (10.8% and 6.3%). The
various surface defects created by the N atom substitution in the carbon lattice could efficiently
enhance the electronic conductivity of NVP/C composites and stabilize the electrode/electrolyte

interface, which is highly desirable for electrodes with poor conductivity.[99. 100]
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Figure 2-13. High-resolution XPS spectra of N1s of NVP/N-C, NVP/N-CNT, NVP/N-rGO, and
NVP/N-KB composites.
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Figure 2-14. Electrochemical performances of NVP composite electrode materials: (a) charge-
discharge profilesat0.1C,0.5C,1.0C,5.0C, 10.0 C, and 20.0 C, (b) C-rate stability test of NVP/N-
C, NVP/N-CNT, NVP/N-rGO, and NVP/N-KB composites.

The electrochemical performance of all NVP electrodes was investigated in Swagelok-type cells,
using sodium metal as counter and reference electrodes, in the potential range of 2.5-4.2 V vs.
Na*/Na. Figure 2-14a shows the initial charge-discharge curves of all NVP composite materials
at0.1C,0.5¢C,1.0C,5.0C, 10.0C, and 20.0 C (1C=110 mA g1). All curves exhibit flat plateaus at
around 3.4 V, corresponding to the V3*/V4* redox couple. At low rate (0.1 C), the NVP/N-C,
NVP/N-CNT, NVP/N-rGO, and NVP/N-KB cathodes deliver an initial discharge capacity of about
101 mAh g1, 114 mAh g1, 105 mAh g1, and 108 mAh g, respectively. The 1t cycle coulombic
efficiency for the four samples is 99.1%, 97.7%, 97.2%, and 97.0%, indicating that, despite the
lower capacity delivered, NVP/N-C exhibits the highest reversibility of the process during the first
cycle (at low current density). However, the initial coulombic efficiency of NVP/N-CNT cathode
reaches 100% when cycled at the highest rate (20 C), i.e., higher than all other samples, indicating
a superior electrochemical reversibility and rate capability of the NVP/N-CNT electrode. This
result can be attributed to the enhanced electronic conductivity of the composite with uniform
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particle size resulting from the architecture of interconnected N-CNT networks, and improved
electrode/electrolyte interface due to the introduction of defects into the carbon network.
Moreover, the polarization is highly restrained after employing the N-doped carbon as matrix, in
which the NVP/N-CNT exhibits the lowest polarization (0.08 V at 20 C versus 0.19 V for NVP/N-
C, 0.16 V for NVP/N-rGO, and 0.14 V for NVP/N-KB). As generally known, the total polarization
observed consists of different contributions such as the activation polarization related to the
activation energy to be overcome during the electrochemical reaction, the ohmic polarization
resulting from the resistance to the flow of ions and electrons in the electrolyte and the material,
respectively, and the concentration polarization referred to the mass transport through the bulk
of electrode.l0l In our case, the electrochemical behavior observed can be ascribed to the fact that
the N-doped carbon frameworks enhance the bulk conductivities of the electrodes and the
extrinsic defects created by the N-substitution provide more reaction sites for interfacial charge
transfer. Therefore, we propose that the alleviated activation and ohmic polarizations are
beneficial for the improvement of rate performance of the as-fabricated electrodes.['92] Figure 2-
14b demonstrates the rate capability test for all electrodes. As the C-rate increases from 0.1 C to
20 C, the capacity decreases from 101 mAh g1 to 71 mAh g1 for NVP/N-C, 114 mAh g1to 100 mAh
g for NVP/N-CNT, 105 mAh g to 90 mAh g for NVP/N-rGO, and 108 mAh g to 93 mAh g for
NVP/N-KB, corresponding to the capacity retention of 70%, 88%, 86%, and 85% with respect to
0.1 C, respectively. As expected, the NVP/N-CNT composite exhibits the best rate capability,
which is well-recognized from the structural analysis with more uniform morphology and higher
surface defects. When decreasing the C-rate back to 5 C, the specific capacity of all samples can
recover to the previous values at 5 C, indicating the excellent reversibility of the NVP materials
originating from the modification by N-doped carbon coating.

The long-term cycling performance of NVP materials dispersed in various N-doped carbon
matrices at 20 C are depicted in Figure 2-15. After 3000 cycles, a specific capacity of about 98
mAh g was achieved for the NVP/N-CNT electrode, corresponding to 98% capacity retention,
while the corresponding values for NVP/N-C, NVP/N-rGO and NVP/N-KB are 84%, 91% and 89%.
Taken together, the NVP/N-rGO composite with only 2.0 wt.% graphene coating still
demonstrates an outstanding rate and cycling performance, but, the NVP/N-CNT offers the best
performance in terms of delivered capacity, low polarization and capacity retention upon cycling.
The outstanding cycling performance for all the investigated materials fully confirms that
embedding NVP in N-doped carbon matrices is a powerful strategy for the improvement of the

cyclability and long-term stability as cathodes in sodium cells.
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Figure 2-15. Long-term cycling performance at 20 C of NVP/N-C, NVP/N-CNT, NVP/N-rGO,
and NVP/N-KB composites.

To further understand the electrochemical behavior of the various NVP particles embedded in N-
doped carbon matrix, cyclic voltammetry in the potential range of 2.5-4.2 V (vs. Na*/Na) was
performed (the profiles are displayed in Appendix Figure S2-2). All the voltammograms show
a couple of symmetric redox peaks at around 3.4 V, well consistent with the plateaus observed in
the charge-discharge profiles, associated with the redox activity of V3+/4+ At the scan rate of 0.1
mV s, the potential interval between the anodic and cathodic peaks of NVP/N-CNT electrode is
~100 mV, reflecting the highly enhanced redox kinetics resulting from the N-doped carbon
nanotube matrix owing to improved conductivities and charge transfer.[’¥1 The apparent Na*
diffusion coefficients were calculated from the CV profiles at various scan rates (see Appendix
Figure S2-3). It is found that the apparent Dna+ Values of NVP/N-C, NVP/N-CNT, NVP/N-rGO
and NVP/N-KB are in the same order of magnitude, showing no obvious difference in the various
carbon matrices in which the NVP particles are embedded. However, the values reported in this
work are much larger than those of pristine NVP materials, indicating the N-doped carbon coated
materials to feature significantly improved electrochemical performance due to the enhanced
electronic conductivity and charge transfer in the electrode/electrolyte interface.[80.103]
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Table 2-4. Calculated diffusion coefficients of Na* (Dna+, cm? s) in various N-doped carbon
coated NVP composites.

NVP/N-C NVP/N-CNT NVP/N-rGO NVP/N-KB
Cathodic Dna+ 3.1x1012 4.0x1012 2.9x1012 2.6x10-12
Anodic Dna+ 2.1x1012 2.1x1012 2.6x1012 1.9x1012

In order to further investigate the superior rate performance of the NVP/N-CNT electrode, a
galvanostatic cycling test at 50 C (5.5 A g) was performed, which results are reported in Figure
2-16. Even at such ultrahigh rate, the NVP/N-CNT electrode still delivers a reversible capacity of
about 92 mAh g! (80% of the capacity exhibited at 0.1 C) and presents an excellent capacity
retention of 92% (84 mAh g?) after 3000 cycles. The excellent rate and cycling performance is
certainly ascribed to the surface modification by N-doping in the carbon layers, which resultin a
more efficient charge transfer process.[6°
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Figure 2-16. Cycling performance of NVP/N-CNT at 50 C in sodium half-cell.

As reported, NazV2(PQOa)s exhibits electrochemical activity both at high and low potential values.
Indeed, at a low potential values (around 1.6 V) the V3+/2* redox couple is active, while at high
potential values (around 3.4 V) the V3+/4+ redox couple is active. Accordingly, NVP can act as both
positive and negative electrodes in sodium ion batteries.[% 104 Therefore, the NVP/N-CNT-based
sodiume-ion cell in three-electrode configuration was investigated in the potential range of 1.4-3.6
V (vs. Na*/Na). The charge-discharge profiles of the 1t and 2nd cycles are shown in Figure 2-17.
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The first charge capacity is about 103 mAh g1, attributable to a two-electron reaction (see reaction
2-3), while during the discharge process a specific capacity of 179.0 mAh g is obtained when

discharged to 1.4 V according to reaction (2-4) (0 < x<2,0<y <1).
N83V23+(PO4)3—>Nag_xVQ_x3+Vx4+(PO4)3 + xNa+* + xe- (2-3)
Nag_xVQ_x3+Vx4+(PO4)3 + xNa* + xe- = N33V23+(PO4)3 + yNa+ +ye = N8.3+yV2_y3+Vy2+(PO4)3 (2-4)

The NVP/N-CNT electrode delivers a capacity of 179 mAh g, 159 mAh g, 154 mAh g, 142 mAh
g1, 135 mAh g1, 123 mAh gtat 0.1 C,0.5C, 1 C,5C, 10 C, 20 C, respectively, and maintains a
capacity of 141 mAh g when turning the rate back to 5 C, demonstrating the excellent rate
capability and reversibility of this material (Figure 2-18a) even in the very wide potential range.
Moreover, the long-term cycling behavior reported in Figure 2-18b reveals the superior stability

of the NVP/N-CNT material which exhibits a capacity retention of 89% after 1000 cycles at 20 C
(2.2 Ag?h).
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Figure 2-17. 1stand 2" charge-discharge curves at 0.1 C of NVP/N-CNT in the potential range of
1.4-3.6 V (vs. Na*/Na).
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Figure 2-18. Rate capability test (a) and cycling performance at 20 C (b) of NVP/N-CNT
composite in the potential range of 1.4V-3.6V (vs. Na*/Na).

To evaluate the anode performance of NVP composites, a symmetric two-electrode cell was
fabricated (the cell is anode limited as resulting from the symmetric design). Figure 2-19a shows
the charge-discharge curves of the symmetric cell at 0.1 C (11 mA g!) within the 1.0-3.0 V voltage
range. The NVP/N-CNT/ PC:FEC 98:2 %wt, 1M NaPFs/ NVP/N-CNT symmetric cell presents a
flat plateau at 1.75 V, matching well with the potential difference between the two redox peaks at
3.40 V and 1.65 V. As anode, the NVP/N-CNT electrode delivers an initial discharge capacity of
about 57 mA g1 at 0.1 C (a theoretical capacity of ~63 mAh g is calculated assuming the one-
electron reaction). The stability test is performed by cycling the cell from 0.1 C to 20 C as shown
in Figure 2-19b. At 20 C, the NVP/N-CNT anode maintains a capacity of 33 mAh g1. These
results suggest that the N-doped carbon coating enables the NVP materials as both high-
performance positive and negative electrodes with superior rate capability and cycling stability.
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Figure 2-19. Charge-discharge curves (e) and rate capability test at various rates (f) of a NVP/N-
CNT/ PC:FEC 98:2 wt.%,1M NaPF6/NVP/N-CNT symmetric two-electrode sodium-ion cell in the
1.0-3.0 V voltage range.

2.2.4 Conclusions

In summary, we have successfully developed a simple and low-cost method to synthesize well-
crystallized NVP nanocomposites embedded in N-doped carbon matrix. Specifically, the pyrolytic
carbon (C), carbon nanotubes (CNT), graphene oxide nanosheets (GO), and Ketjen black
nanospheres (KB) were adopted as conductive templates to obtain NVP/N-C, NVP/N-CNT,
NVP/N-rGO and NVP/N-KB composites with diverse architectural characters, and the
electrochemical performance in half and full sodium-ion cells was systemically investigated.
When used as cathodes in half-cell, these materials display outstanding rate capability and
ultralong-term cyclability (=80% after 3000 cycles at 20 C). The results proved that the N-doped
carbon modification could efficiently diminish the polarization of NVP materials due to enhanced
conductivities and facilitated charge transfer in the electrode-electrolyte interface. Moreover, the
NVP nanograins dispersed in N-doped carbon nanotube matrix exhibit the best rate and cycling
performance (92 mAh g-1 with a capacity retention of 92% after 3000 cycles at 50 C). Furthermore,
a competitive performance was consistently observed in symmetric cells using NVP/N-CNT as
both negative and positive electrodes, which reveals not only appropriate cathode performance
but also superior anode performance. The achieved results suggest the practical utilization of
nitrogen-doped carbon coated NVP materials as high performance electrode materials for
sodium-ion batteries.
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Chapter 3

High-voltage Cathodes with Phosphate Frameworks for

Sodium-ion Batteries

The results in this chapter are partially published in the following publications:

1. Zhang, H.; Hasa, I.; Buchholz, D.; Qin, B.; Geiger, D.; Jeong, S.; Kaiser, U.; Passerini,
S., Exploring the Ni Redox Activity in Polyanionic Compounds as Conceivable High
Potential Cathodes for Na Rechargeable Batteries. NPG Asia Materials 2017, 9, e370.

2. Zhang, H.; Buchholz, D.; Passerini, S., Synthesis, Structure, and Sodium Mobility of
Sodium Vanadium Nitridophosphate: A Zero-Strain and Safe High Voltage Cathode
Material for Sodium-ion Batteries. Energies 2017, 10 (7), 889.
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3.1 Mechanism Investigation of Ni Redox in Mixed-polyanionic Framework
NasNiz(PO4)2(P207)

3.1.1 Introduction

To date, the LiFePO, olivine with (PO.)3- polyanionic framework, owing to its superior thermal
stability and low cost, is considered as one of the best electrode material for LIBs mostly in view
of its stable operating voltage and satisfactory specific capacity. However, the intrinsic tunability
of the operating voltage of polyanionic compounds according to the presence of different
transition metals such as Mn, Co, and Ni,l1051071 has triggered the interest in alternative
frameworks exhibiting higher cell voltage. According to theoretical prediction, the lithium nickel
phosphate has a remarkable high working potential (~5.1 V vs. Li*/Li) due to the Ni2+/3* redox
activity.l*1 Unfortunately, subsequent results have demonstrated that the implementation of this
material is restricted by several drawbacks such as the intrinsic sluggish kinetics attributable to
the low electronic conductivity, the poor lithium transport in commonly used electrolyte systems
and the structural instability of the de-lithiated phases upon cycling, which require further studies
for the obtainment of high performance Ni-based polyanionic phosphates as high voltage
cathodes for battery application.[47, 108-115]

Averting the eyes to Na-based systems, considerable research has also been devoted to developing
NASICON-type polyanionic materials such as NaMPO,,[3.1161 Na,MP,07 (where M is a transition
metal),[117. 18] and NazV2(PO4)3 [78. 191 as cathode materials for room temperature Na-ion batteries.
However, the low energy densities resulting from the low theoretical capacity and generally low
cell voltage, as well as the poor rate capability compared to their lithium have inhibited the
widespread uptake of these materials.[!3] Unlike LiIMPO,, the NaMPO4 thermodynamically stable
phase obtained in conventional synthesis condition is the maricite phase, which is known to be
electrochemically inactive respect to the olivine phase.[120.1211 Among the polyanionic frameworks,
pyrophosphate compounds offer a stable three-dimensional (P.07)4 framework with multiple
sites for sodium ions. It has been reported that Fe-based pyrophosphates exhibit enhanced rate
capability performance most likely due to the presence of open diffusion pathways for sodium
ions. Indeed, first principle calculations confirmed a relatively low migration barrier for the

diffusion of the sodium ions.[!17]

In this context, a new polyanionic compound of general formula NasM3(PQO4)2(P207) with Fe2+/3+
redox couple has been proposed by Kang et al. as promising cathode in terms of its superior Na

mobility and thermal stability.[45 1221 This material has a theoretical capacity of 129 mAh g1 and
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an operating potential of about 3.2 V vs. Na*/Na, which is higher than the one exhibited by
NaFePO, and NazxFeP,0.[4 1161 According to first principle calculation, the P,O; dimers can buffer
the volume change during cycling (less than 4%) and offer Na diffusion pathways in the 3D open
framework, which may ensure long-term cycling performance. Co-based polyanionic compounds
show similar electrochemical properties with low conductivity and poor thermal stability as the
Ni-based analogues in Li systems.[123.124] However, the NasCos3(P04)2(P207) synthesized by a sol-
gel method, shows an average working potential of ~4.4 V vs. Na*/Na and high rate capability for
Na ions.l'%3] |t is believed that a combination of different polyanionic groups could contribute to
outstanding ion diffusion and voltage profile in Na ion batteries as well as structure stability
during the Na (de-)insertion process. Interestingly, a theoretical prediction reported by Islam et
al. has pointed out that doping the NasFe3(PO4)2(P207) with Ni can lead to a significant increase
of the cell voltage.126]

In light of such results, we report the synthesis and performance of a Ni-based polyanionic
material for application as cathode for Na-ion batteries. In this work, the pristine and carbon
coated materials, i.e. NasNiz(PO4)2(P-O7) and NasNis(PO4)2(P207)/C, were stoichiometrically
prepared by conventional solid-state method. This study represents an intriguing investigation
both in terms of structural and electrochemical characterizations of Ni-based polyanions in Na
battery. The high redox activity of the Ni2*/3+ redox couple, predicted by previous theoretical
calculations, is herein reported for the first time in sodium cells. The attractive possibility of using
high operating voltage sodium-based cathode materials highlights the need of electrolyte media
characterized by a wide electrochemical stability window thus a preliminary study using an ionic-

liquid based electrolyte solution is also presented.
3.1.2 Experimental Methods
3.1.2.1 Materials synthesis

All chemicals were used as received without further purification. Syntheses were carried out by
simple and time-efficient solid-state reaction. For the precursor preparation, sodium
pyrophosphate decahydrate (NasP>0O--10H,0, Alfa Aesar, >99%), nickel (II) acetate tetrahydrate
(Ni(OCOCHz3)2-4H,0 (Alfa Aesar, =98%), and ammonium dihydrogen phosphate (NHsH2PQ.,),
Merck Millipore, 299%) were mixed by ball-milling in acetone according to stoichiometric
proportion. Citric acid monohydrate (CsHsO7-H-0, Alfa Aesar, >99%) was used as carbon source
for the carbon coated sample. After intensive milling, the mixture was dried at room temperature
and ground. The obtained precursor powder was preheated at 300 °C for 6h and then annealed

at 500 °C (heating rate: 2 °C min-!) for 10h in an alumina crucible using a tubular furnace under
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Ar flow. Cooling down to room temperature and grinding has followed. The carbon coated
material was synthesized under the same condition using citric acid monohydrate as organic

carbon source in the precursor preparation.
3.1.2.2 Materials characterization

X-ray diffraction analysis was performed in Bragg-Brentano geometry using a Bruker D8
Advance diffractometer (Bruker, Germany). All diffractograms were recorded with CuK, radiation
(A = 0.154 nm) in the 20 range of 10° - 90° with a step size of 0.01°. The structures were refined
using the Rietveld method with the DIFFRAC PLUS TOPAS 4.2 software (Bruker, Germany).
Morphological and structural characterizations were conducted via ZEISS 1550VP Field Emission
SEM (Carl Zeiss, Germany) and Cs-corrected FEI Titan 80-300 kV High-resolution Transmission
Electron Microscopy operated at an acceleration voltage of 80kV and 300kV (FEI, Netherlands).
Thermal gravimetric analysis (TGA) was performed using a thermogravimetric analyzer (TGA-
209F, Netzsch, Germany) under Oz flow of 20 ml min-* within the temperature range of 30- 600 °C

temperature range at 5 °C min-scan rate.
3.1.2.3 Electrochemical characterization

The electrochemical tests were performed using three electrode Swagelok-type cells assembled in
an argon-filled glove box. Sodium half-cells were assembled by using glass fiber (Whatman) as
separators soaked in various electrolyte solutions and sodium metal as counter and reference
electrodes. 1M NaPF¢ (Alfa Aesar, 99%) in ethylene carbonate (EC) : diethyl carbonate (DEC) (1:1
w/w) (BASF, Battery Grade) and ionic liquid solutions were used as electrolytes. The ionic liquid-
based electrolyte was prepared by dissolving 10 mol% NaTFSI (sodium
bis(trifluoromethanesulfonyl)imide, SOLVIONIC, 99.5%) in PyisFSI (N-propyl-N-methyl-
pyrrolidinium bis(fluorosulfonyl)imide). Sodium metal was cut from sodium pieces (99.8%, Acros
Organics), roll pressed and punched on the current collector. The electrodes were prepared by
doctor-blade casting a slurry prepared by dispersing 80 wt% of active material, 10 wt% of carbon
black as conductive agent (Super C65, IMERYS) and 10 wt% of polyvinylidenefluoride (PVDF
6020 Solef, Solvay Group) binder in N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-
Aldrich) on Al foil as current collector. After drying, electrodes with a 12 mm diameter were
punched, pressed and dried again. The mass loading is approximately ~2.8 mg cm-2. The cells
were assembled in an argon-filled glove box with H,O and O, contents lower than 1 ppm. A Maccor
4000 Battery system (Maccor, USA) was used for the galvanostatic charge/discharge test between
3.0-4.9 V vs. Na*/Na in organic electrolyte and 3.0-5.1 V vs. Na*/Na in ionic liquid electrolyte at

a current density of 10 mA g?. Cyclic voltammetry was performed on a multichannel
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potentiostat/galvanostat (VMP3, Biologic Science Instruments, France) using a scan rate of 0.01
mVs-1,0.05mVs-1 0.1mVs-and0.5mVs-tinavoltage range of 3.0-5.0 V vs. Na*/Na (organic
electrolyte) and 3.0-5.2 V vs. Na*/Na (ionic liquid electrolyte). All the potential values in the
manuscript are referred to the Na*/Na reference electrode. All measurements were performed in

climatic chambers at a temperature of 20 + 1 °C.

3.1.3 Results and Discussion

Rwp : 5.62%; GOF : 2.22

Space Group: P-1 Experimental
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Figure 3-1. Rietveld refinement of powder XRD for Na:NiP20-.

Firstly, NaNiPO4 and NaxNiP.O; polyanions, which are expected to have higher working potential
due to the Ni redox couple, were synthesized via solid state method. As the Co-based compound,
the stoichiometric NazNiP.O; crystallizes in the triclinic P-1 space group. The obtained XRD
pattern is shown in Figure 3-1. However, as shown in Figure 3-2, this material shows no
electrochemical activity in Na cell. NaNiPO, has been also synthesized, however orthorhombic
NasNiz(PO4)2(P20O7) was obtained instead of maricite NaNiPOa, reflecting the preferably
thermodynamical stability of NasNiz(PO4)2(P207). The obtained XRD pattern is presented in
Figure 3-3.
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Figure 3-3. XRD pattern of the product from NaNiPO. synthesis.
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Figure 3-4. Rietveld refinement of powder XRD for NasNiz(PO4)2(P207).

The NasNiz(PO4)2(P207) was synthesized via solid-state method. And the crystal structure has
been confirmed by X-ray diffraction analysis. Figure 3-4 shows the Rietveld refinement for
NasNiz(PO4)2(P207). Structure parameters were refined based on X-ray diffraction data. This
confirms that the NasNiz(PO4).(P207;) compound is isostructural to NasFes(PO.).(P207) (ICSD:
236316) and crystalizes in the orthorhombic Pn2;a space group with a =18. 000(4) A, b =6.493(4)
A and ¢ = 10.411(4) A. The refinement has been performed with a satisfactory agreement factor
(Rwp = 3.56%, Rp = 2.67%, Goodness of fit (GOF) = 1.58). The refined cell parameters and atomic
occupancy values are summarized and presented respectively in Table S3-1 and Table S3-2 in
Appendix. The crystallographic density of pristine NasNiz(PO4)2(P20y) is 3.45 g cm-3. The XRD
pattern for (NasNiz(PQO4)2(P207)/C) is shown in Figure 3-5. It is shown that the carbon coating
process has no effect on the structural characteristics of the material, which crystallizes in the

same space group with comparable cell parameters.

57



High-voltage cathodes with phosphate frameworks

Rwp :4.81%; GOF : 2.09

Space Group: Pn2,a Experimental
a= 18.0060(6) (A) — Calculated

b= 6.4950(1) (A) — Difference

¢ = 10.4155(3) (A) | Bragg position

Intensity / (a.u.)

M U\-.JL“UJM\JJ u-'lblw'uw“.“‘-\f'uv'hw)ww'lW“»Wf\Wmﬁw

s e i 1

T T T T T T T

10 20 30 40 5 60 70 80 90
20 CuK, / degree

Figure 3-5. Rietveld refinement of XRD for NasNi3(PO4)2(P207)/C composite.

Figure 3-6. Schematic representation of NasNiz(PO4)2(P20y) crystal structure viewed along the
[001]and [010] directions.

The crystal structures of NasNis(PO4)2(P207) viewed along the [001] and [010] directions are
displayed in Figure 3-6 (a) and (b). As the isostructural NasCos3(PO4)2(P.0O;) and
NasFez(PO4)2(P207), the crystal structure of NasNi3z(PO4)2(P20-) is composed of 3D network layers
of [NisP2013]« jointly composed by NiOg octahedra and (PO4)3 tetrahedra in the bc plane, which
are bridged by the (P207)* dimers generating large channels along the b-axis with low activation
barrier energy for Na* ion diffusion.[*> 1271 The Na ions occupy four distinguishable sites among
which two (Nal and Na4) are located in the large channels parallel to the b-axis. The Ni-based
polyanions have been so far considered as electrochemically inactive cathode materials in both Li
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and Na systems due to the low electronic conductivity resulting in the poor alkali ion diffusion
activity.51 However, in this study, the structure deriving from the mixed polyanionic
NasNiz(POa4)2(P207) may stabilize the charged Ni analogue and open pathways for the improved
and reversible Na* diffusion.

Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
(HRTEM) analysis were conducted to assess the morphological and structural aspects of the
synthesized powders. Figure 3-7a, and b present the SEM images of NasNi3(PO4)2(P.0O7) and
NasNiz(POa4)2(P207)/C. The pristine NasNiz(PO4)2(P207) aggregates in shapeless micrometric
particles, (i.e. polymorphic morphology). After the carbon coating treatment, the particle size of
the powder is favorably reduced with well-defined edges. The transition electron microscopy
(TEM) analysis of NasNi3z(PO.)2(P207)/C, reported in Figure 3-7c, confirms the shapeless
character of the particles which shows a sub-micrometric dimension with an average diameter of
about 500 nm. Additionally, the HR-TEM image in Figure 3-7d shows clearly a lattice fringe of
d=0.680 nm, corresponding to the (201) plane diffraction of NasNi3(PQO4)2(P.0)/C.

Figure 3-7. SEM images of (a) NasNi3(PO.)2(P207) and (b) NasNiz(PO.).(P-07)/C powders. (c, d)
TEM images of NasNiz(PO4)2(P207)/C.
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Thermal gravimetric analysis (TGA) was performed to investigate the thermal stability and carbon
content of the prepared materials and results are presented in Figure 3-8. The thermogramm of
pristine NasNis(PO4)2(P207) shows a slight weight loss before 100 °C attributable most likely to
water desorption. The weight loss detected from 300 °C is related to the oxidation of residual
carbon belonging to the organic salt precursor. Meanwhile, there is no weight loss observed after
500 °C even exposed in Oy, reflecting a considerable high thermal stability. The content of
absorbed water in the carbon coated material is higher than in the pristine one, suggesting a
higher sensitivity to moisture, most likely due to a higher surface area. The carbon content is
calculated to be about 6.3% which corresponds to the weight detected within the 100-450 °C
temperature range.
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Figure 3-8. TG curves of NasNiz(PO4)2(P207) and NasNiz(PO4)2(P207)/C under O flow.

The electrochemical properties of the prepared materials were investigated in three electrode
Swagelok-type sodium cells. Considering the low conductivity of Ni-based polyanions, we adopt
NasNiz(PO4)2(P207)/C for the investigation. Figure 3-9a displays the CV curve of a three
electrode cell cycled within the 5.0-3.0 V potential range using 1M NaPFg in EC:DEC (1:1 w/w)
electrolyte. The CV curve exhibits three anodic peaks at 4.58 V, 4.64 V, 4.96 V and only two
cathodic peaks at 4.61 V and 4.90 V. To further investigate the redox activity at higher voltage
values, an ionic liquid-based electrolyte with a wider electrochemical stability window and a
satisfactory ionic conductivity was employed.[*28-1321 The CV curve in the potential range of 3.0-
5.2V (vs. Na*/Na) using NaTFSI in PyisFSI (with a mole ratio of 1:9) was performed as shown in
Figure 3-9b. As the carbonate-based electrolyte, three anodic peaks at 4.61 V, 4.67 V, 5.01 V and
only two cathodic peaks at 4.58 V and 4.92 V are observed employing the ionic liquid-based
electrolyte. Above 5.1V, a significant oxidation of electrolyte was observed.
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Figure 3-9. CV curves of NasNi3(PO4)2(P207)/C at a scan rate of 0.01 mV s (a) in potential range
of 3.0-5.0 V using 1M NaPFs in EC:DEC (1:1 w/w) electrolyte and (b) in the potential range of 3.0-
5.2 V using NaTFSI : Py1sFSI (1:9 mole ratio) electrolyte.

Figure 3-10 shows the galvanostatic charge/discharge profiles of NasNiz(PO4)2(P207)/C in 1M
NaPFe in EC : DEC (1:1 w/w) and NaTFSI : Py:sFSI (1:9 mole ratio) electrolytes at the constant
current density of 10 mA g. During the first de-sodiation process (charge) up to 4.9V in the
carbonate electrolyte, about 2.3 equivalent of Na are extracted from the electrode material,
contributing to a specific capacity of about 97 mAh g1. However, in the following discharge step
only 0.9 equivalent of sodium are re-inserted reversibly into the host structure with a total
coulombic efficiency of the first (de-)sodiation process of about 40%. The voltage profile clearly
suggests the redox activity of nickel at voltage values higher than 4.5V, which is in good agreement
with the CV profile.

In the ionic liquid electrolyte, the profile reveals the de-insertion of 2.7 equivalents Na following
an insertion of 1.3 equivalents Na corresponding to a discharge capacity of 63 mAh g, which is a
remarkably higher value than the one obtained in the EC:DEC based electrolyte. Cycling
performance demonstrates that the NasNiz(PO4)2(P207)/C delivers a discharge capacity of 63 mAh
gl and a capacity of 48 mAh g is maintained with retention of about 71 % after 10 cycles,
suggesting a reversible redox process occurring at such high working potential, as shown in
Figure 3-11.
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Figure 3-10. The 1st galvanostatic charge/discharge profiles of NasNiz(PO.).(P-07)/C in 1M
NaPFs in EC : DEC (1:1 w/w) (a) and NaTFSI : PyisFSI (1:9 mole ratio) (b) electrolytes at the
constant current density of 10 mA g
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Figure 3-11. Cycling performance of NasNiz(PO4)2(P-07)/C in NaTFSI : PyisFSI (1:9 mole ratio)
electrolyte between 3.0-5.1 V (vs. Na*/Na) at 10 mA g..

The investigation of wider potential window shows clearly that there is no further redox process
at potential values higher than 5.0 V and that the higher charge capacity observed may be ascribed
also to electrolyte decomposition. In addition, aluminum current collector corrosion and possible
oxidation of the carbon deriving from the carbon coating process, which may also affect the cycling

performance, cannot be excluded at such high potential values vs. Na*/Na.[!33-13¢6] However, the
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used ionic liquid based electrolyte enables the achievement of a higher discharge capacity.
Regardless of its high working potential, the material exhibits relatively low coulombic efficiency
and poor cycling stability compared to the reported polyanionic compounds in both organic and
ionic liquid electrolytes. To better understand the factors affecting the electrochemical
performance exhibited, further structural investigation has been performed. It has been proposed
that structural reorganization upon cycling could affect the reversibility of the sodium
(de-)insertion. Indeed, the structural changes during Na (de-)insertion may derive from the
instability of the de-sodiated electrode, most likely due to the distortion of P,O; dimers and
changes of the unit cell volume.[45.471

The investigation of the Na (de-)insertion mechanism in NasNis(PO4)2(P207)/C electrode was
carried out by ex situ XRD measurements at different state of charge. Figure 3-12a displays the
typical charge/discharge profile of a Na//NasNis(PO4)2(P207)/C cell with points and letters
indicating the potential values at which X-ray diffraction analysis has been performed. When
charging the electrode to 5.0 V in EC:DEC based-electrolyte, the initial charge capacity is higher
than the theoretical capacity, which can be attributed due to the cathode-electrolyte interphase
(CEI) film formation on the surface of Ni-based electrode materials at such high working potential.
[137, 138] The patterns collected in the 10-60° 20 range are displayed in Figure 3-12b. As shown
the main reflections of the mixed polyanionic phase are maintained upon charge and discharge,
while moderate peak shifting and intensity changes occur, suggesting no phase transition
occurring during sodium (de-)insertion. The amplified XRD patterns in the 26 range of 10-25°
and 25-35° in Figure 3-12c, d clearly show the peak shifts during the electrochemical reaction.
Interestingly, although the (200) peak at about 10° is moving to higher 20 direction, other major
peaks such as (011), (111), (220) and (022) show a slight shift to lower 20 when the Na is extracted
from the host material. During the discharge process, the peaks gradually move back to the
original positions, suggesting the reversibility of the structural modifications associated to the

volume change during the Na (de-)insertion.
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Figure 3-12. (a) Typical charge/discharge profile of NasNiz(PO4)2(P207)/C electrode. (b) Ex-situ
XRD pattern of NasNis(PO.)2(P207)/C electrode at various charge and discharge states. (c, d)
Amplified XRD patterns in the 20 range of 10-25°, 25-35°, respectively.
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Figure 3-13. Lattice parameters (a,b,c) changes of NasNi3(PO4)2(P207)/C during electrochemical

charge/discharge process.

To investigate the mechanism of sodium (de-)insertion of the four different kinds of Na ions
hosted in the structure, Rietveld refinement of the ex-situ XRD patterns has been performed. The
evolution of the refined lattice parameters (a, b, ¢) is shown in Figure 3-13. The a lattice
parameter value decreases instantaneously when the Na ions are electrochemically removed from
the crystal structure while b and ¢ show an almost unchanged value until a potential value of 5.0
V is reached. The results herein reported slightly differ from those already reported for the Fe-
based analogue system, suggesting different structural changes in the potential range
investigated.[45.122]

The Na occupancy values, reported in Table 3-1, indicate that Nal and Na4, located in the large
channels constructed by the P.O; dimers can be firstly electrochemical removed at relatively low
voltage values resulting in the decrease of a lattice parameter and leading to a volume change of
3%. When charging up to 5.0 V, the other two Na ions, i.e. Na2 and Na3, are extracted
subsequently, leading to the drastic increase of the b and ¢ parameters. It should be noted that,
when discharged back to 3.0 V, the lattice parameter values observed are slightly different from
those of the pristine sample, suggesting a not fully reversible electrochemical process, as well
indicated by the electrochemical characterization above. The low reversibility may be ascribed to
the collapse of [NisP2013]~ layers along a axis to a certain extent blocking the Na diffusion
channels, which confirms the instability of the de-sodiated electrode and reflects the low columbic
efficiency of the charge-discharge process. Further experimental analysis and theoretical studies
should be devoted to this aspect. However, the superior thermal stability and small volume
changes during cycling of the material demonstrate the advantages of using mixed polyanionic
structures to construct large diffusion channel for Na ions proving this strategy as an efficient way
to develop Ni-based polyanions for practical application as cathodes in Na-ion batteries.
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Table 3-1 Na occupancy during the charge/discharge process and expected values from the

Rietveld refinement.

Nalocc Na2occ Na3occ Na4d4occ Rwp/% GOF

ocv 1 1 1 1 10.89 114
1stcharge: 4.0V 0.9485  0.9999 1 1 9.43 1.21
Istcharge: 4.5V 0.5580  0.9999 1 0.9462 9.67 144
1stcharge: 4.6 V 0.0986  0.9999 1 0.7204 1256 2.10
Istcharge: 4.8V 0 0.916 1 0 12,79 2.38
1stcharge: 5.0V 0 0.7512 0.7201 0 12.78 2.48

Istdischarge: 4.6 V 0 0.9996 0.9996 0 11.23  1.57
1stdischarge: 4.5V  0.1347 1 1 0.3632 10.68 1.75
Istdischarge: 4.0V 0.1278 1 1 0.4935 11.52  1.29
1stdischarge: 3.0V  0.4068 1 1 0.5598 9.12 1.51

3.1.4 Conclusions

In summary, we have synthesized the NasNi3(PQO4)2(P-07) polyanions via conventional solid state
method and investigated such a material as cathode in Na-ion batteries. The carbon coating
process allows the obtainment of a cathode material able to deliver a capacity of ~63 mAh g1 at
an average potential of ~4.8V vs Na*/Na when using ionic liquid-based electrolyte. In spite of the
specific capacity delivered by the materials, we believe that further improvement of the
electrochemical performance in terms of delivered capacity, open promises for the obtainment of
high energy density Na-ion batteries due to the redox activity of nickel at high working potential.
The mixed polyanionic structure, combining phosphate and pyrophosphate frameworks allows,
thanks to the P20 dimers, the construction of large Na diffusion channels and small volume
changes during cycling, which represent a step forward the overcoming the drawbacks of Ni-
analogues with low ionic/electronic conductivity and poor structural stability. The work herein
presented, shows, for the first time, the realization of Ni-based mixed polyanionic compounds for
application in sodium-ion battery with satisfactory performance and paves way for the discovery

of new Na-based high potential cathode materials.
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3.2 Nitridophosphate NazV(POz)3N as a Zero-strain and Safe High Voltage
Cathode Material

3.2.1 Introduction

Since the energy of a battery is largely dependent on the gravimetric and volumetric capacities
and operating voltages of the electrode materials, exploration on suitable active materials is
highly-targeted. In this pursuit, there have been intensive efforts on expanding the range of
available structural families. One strategy is to develop Na-containing host materials from lithium
analogues. Such efforts have resulted in tremendous successes in realizing some known
polyanionic frameworks, such as phosphate NaMPOs/NasM2(PO.)s,[’8 1201 pyrophosphate
Na;MP,0,11171  fluorophosphate NaMPO4F/NazM2(PO4)2F3,1139. 1401 sulfate NaxM(S0O4),, 141
fluorosulphate =~ NaMSO4F,[1#21  silicate  Na;M(SiO4),11431  and  mixed  polyanionic
NasM3(PO.)2(P207)[126. 1441 compounds. Basically, the electrochemical properties of anticipated
polyanion electrode materials, including the operating potential and specific capacity, rely on the
Mnr+/M@+)+ redox process and the natures of polyanionic frameworks, i.e. electronegativity, and
molecular weight.[51 Among these reported polyanion cathodes, the NASICON-type NasV2(POa)s
in a rhombohedral structure with the space group R-3c attracts particular interests due to the
vanadium redox couple, enabling a relatively high working voltage of ~3.4 V (vs. Na*/Na), and
the framework of PO., enabling superior thermal stability.[’0. 781 During the course of the
investigation of the vanadium-based phosphate family, it was found that doping with the more
electronegative fluoride can enhance the operating potential of electroactive materials. For
example, the NasV2(PO4)2F; compound shows promising potential improvement due to the high

electronegativity of F ions.[146.147]

Of particular interest are the members of a new compounds class with general formula
AlLMY,(PO3)sN, where A = Na or Li, M = Mg, Fe, Mn and Co, which are addressed as potential
electrode materials for lithium ion batteries. In fact, the polyanionic structure with N3, arising
from three POsN tetrahedra sharing one N3, can provide intriguing voltage as cathodes. The
divalent nitridophosphate analogue was firstly investigated as cathode for lithium ion batteries,
with the Fe?*/Fe3* redox couple.8] Due to the strong inductive effect of POsN groups,
Li>Fe2>(PO3)3N delivers a high potential, as high as 3.5 V (vs. Li*/Li), which is 0.1 V higher than
the olivine LiFePO4, and a high theoretical capacity of 142 mAh g1, demonstrating the possibility
to design high potential cathode materials for Li-ion batteries. On the Na-ion battery side, cubic

NasTi(PO3)sN exhibits good reversibility for sodium ions (de-)insertion with extremely small
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volume changes during the sodiation and desodiation process.['491 However, this material only
exhibits average working potential of 2.7 V vs. Na*/Na originating from the Ti3*/Ti** redox couple,
and theoretical capacity of 74 mAh g1. To maximize the energy density of these kind materials,
the most significant improvement lies in the flexibility to increase the open-circuit voltage by
manipulation of the 3d-metal M™*/M®+D+ redox couple in the polyanionic framework.

Herein, we report for the first time, the electrochemical properties of cubic NasV(POs)sN as
cathodes for NIBs, with V3+/4* redox activities. The nitridophosphate was synthesized by
conventional solid state method. As cathode in non-aqueous NIBs, this material exhibits an
average operating potential around 4.0 V vs. Na*/Na, while 0.74 Na* can be extracted from the
host structure.

3.2.2 Experimental Methods
3.2.2.1 Materials synthesis

The NazV(POs3)sN powder was synthesized via a conventional one-step solid state method.
Typically, sodium polyphosphate ((NaPOs)n, pure, Acros Organics) and vanadium oxide (V20s,
>99.6%, ~10 mesh, Alfa Aesar) in a molar ratio of 6:1 were ground in a mortar. Then the yellow
powders were placed in an alumina crucible with excessive melamine (5 molar equivalents,
CsHsNe, Sigma Aldrich, >99%) as nitrogen sources, followed by a pre-heating treatment at 200 °C
for 3 h and final calcination at 700 °C for 10 h under extremely slow Ar flow (heating rate: 5 °C
min-t).

3.2.2.2 Materials characterization

X-ray diffraction analysis was performed in Bragg-Brentano geometry using a Bruker D8 Advance
diffractometer (Bruker, Germany). All diffractograms were recorded with CuKa radiation (A =
0.154 nm) in the 26 range of 10° - 90° with a step size of 0.01°. The structures were refined using
the Rietveld method with DIFFRAC PLUS TOPAS 4.2 software (Bruker, Germany).
Morphological characterization was conducted on ZEISS 1550VP Field Emission SEM (Carl Zeiss,
Germany). Thermal stability was determined by a thermogravimetric analyzer (TGA-209F,
Netzsch, Germany) from room temperature to 800 °C (heating rate =5 °C min-) under steady N>
and O. flows (20 ml mint), respectively. In-situ XRD analyses coupled with galvanostatic

electrochemical sodiation and desodiation were performed.

3.2.2.3 Electrochemical characterization
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The electrochemical tests were performed using three electrode Swagelok-type cells assembled in
an argon-filled glove box with H>0O and O- contents lower than 1 ppm. Sodium half-cells were
assembled by using glass fiber (Whatman) as separator and sodium metal (99.8%, Acros Organics)
as counter and reference electrodes. 1M NaPFs (99%, Alfa Aesar) in propylene carbonate (PC)
with 2 wt.% fluoroethylene carbonate (FEC) (Battery Grade, BASF) was used as electrolyte. The
working electrodes were prepared by doctor-blade casting a slurry of 80 wt.% of active material,
10 wt.% of carbon black (Super C65, IMERYS) and 10 wt.% of polyvinylidenefluoride (6020 Solef,
Solvay Group) in N-methyl-2-pyrrolidone (anhydrous, Sigma-Aldrich) on Al foil as current
collector. After drying, electrodes with a diameter of 12 mm were punched, pressed and dried at
120 °C under high vacuum. The mass loading of the final electrodes is about 3.5 mg cm-2. A Maccor
4000 Battery system (Maccor, USA) was used for the galvanostatic charge/discharge test at 10
mA g¢g! and 20 mA gLl Cyclic voltammetry was performed on a multichannel
potentiostat/galvanostat (VMPS3, Biologic Science Instruments, France). All measurements were
performed in climatic chambers at a temperature of 20 +1 °C.

3.2.3 Results and Discussion

Pristine NasV(POs)sN powders were synthesized by conventional sold state method, but different
from other reports on the nitridophosphate analogues synthesis, without flowing ammonia
gas.[148-1501 The crystal structure of NasV(POs)sN was determined by X-ray diffraction (XRD,
Figure 3-14), including Rietveld refinement of the obtained XRD pattern. The results confirm
that NasV(PO3)sN adopts a cubic structure (a = 9.440 (1) A) with a space group of P2:3 and, thus,
is isostructural to NasTi(POz)sN (ICSD: 172056).[1491 The refinement shows satisfactory agreement
factors (Rwp=8.7%, GOF=1.41). The diffractogram in Figure 1 does not depict crystalline impurity
phases, suggesting that the simplified synthesis method herein used is successful to obtain pure
cubic NasM(PO3)sN phase. The refined cell parameters and atomic occupancy values are
summarized in Appendix Tables S3-3 and S3-4, respectively. The SEM image (inset in
Figure 3-14) shows that the synthesized powder is composed of irregular-shaped microscale

particles.
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Figure 3-14. Rietveld refinement and powder X-ray diffraction (XRD) pattern for NasV(POs3)sN
powders. The inset figure displays the SEM images.

The refined crystal structure and the connectivity of trimers of POsN tetrahedra with the local
environments of Na and V atoms are shown in Figure 3-15. The structure of this compound is
composed of VO octahedra and PO3;N tetrahedra. Three POsN tetrahedra build up a
nitridotriphosphate group, (PO3)sN sharing a common N3-- anion. As shown in Figure 3-15b,
Nat ions occupy three distinct sites. One Na* ion is coordinated by six O atoms and one N atom
(Nal), while the other two Na+ cations are surrounded by six (Na2) and nine O anions (Na3: six
more long-distanced O atoms are not shown in the structure), respectively.['31 Based on the
calculation results on the NasTi(PO3)sN system, Nal and Na3 sites show high mobility for Na
migration, while Naz2 site is inaccessible due to the high energy barrier. And this cubic structure,
bridged by trimers of POsN tetrahedra, offers a three-dimensional framework for Na-ion

migration and contributes to the structural stability.[151]
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Figure 3-15. (a) Refined crystal structure of NasV(POs)sN and (b) the connectivity of trimers of
PO:N tetrahedra with the local environments of Na, V atoms.

120
110
1004
90 4
80 -
704
60
50 -
40
304
20 4
10
04
104

under N, flow
under O, flow
—— melamine under N, flow

Weight/%

N T M I N T I N T ' I N T M
100 200 300 400 500 600 700 800
Temperature/°C

Figure 3-16. TG curves of NasV(PO3)sN under N2 and O, flows and melamine under N flow
within the temperature range of 30 - 800 °C at 5 °C min-! heating rate.

Thermal gravimetric analysis (TGA) was used to assess the thermal stability of the material under
both inert (N2) and oxygen (O2) atmospheres. The TGA curves in the temperature range of room-
temperature-800 °C are displayed in Figure 3-16. It should be noted that there is no weight
decrease under N flow up to 800 °C, indicating the superior thermal stability of the material.
However, when exposed to O, a weight increase starting from 400 °C is observed, resulting from
the oxidation of V3* to V5 and V4, which was also observed in NazV2(PO4)s system. Apart from
this oxidization process, it should be highlighted that no thermal decomposition is evident during
heating, illustrating the excellent thermal stability, which is why NazV(POs3)sN can be regarded as
safe electrode materials in batteries. It should be noted that the melamine will completely
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decompose between 250-350 °C and does not introduce any additional carbon or impurities into

the material, as indicated by the thermogravimetric analysis of pristine melamine in N>

atmosphere.
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Figure 3-17. (a) Cyclic voltammograms in the potential range of 3.2—4.5V at various scan rates
and (b) first cycle galvanostatic discharge/charge profile between 3.2 and 4.5V at a current of
10 mA g1 of NazV(POs)sN.

The electrochemical performance of pristine NasV(PO3)sN electrode was investigated in T-type
cells with Na-metal as counter and reference electrode. Cyclic voltammograms at various scan
rates between 3.2 V- 4.5V vs. Na/Na* are presented in Figure 3-17a. The CV sweeps reveal that
the NasV(POz3)3N electrode shows electrochemical activity centered at 4.0 V with only one pair of
redox peaks associated to the V3+4+ redox couple. Despite the slight cell polarization, the

reversibility of the sodium insertion is maintained at higher scan rate.
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Figure 3-18. Galvanostatic charge—discharge profiles of NasV(PO3)sN at current density of 10
mA g for the 1st and 10t cycles and 20 mA g-! for 11th and 20t cycles.

Figure 3-17b shows the first galvanostatic charge and discharge (GCD) curve of the cell between
3.2 and 4.5V at a current of 10 mA g. The electrode exhibits a single plateau around 4.0 V in
both charge and discharge. During the first charge to 4.5 V, 0.74 eq. of Na (55 mAh g?) are
extracted from the host structure. However, only half (0.38 eq.) of the Na ions were re-inserted,
leading to a high irreversible capacity for the first cycle. The theoretical capacity for the reversible
shuttling of 1.0 eq. Na* per each formula unit of NasV(PO3)sN is 72 mAh g. The lower charge
capacity in the first cycle, hence, indicates that not all Na*can be extracted from the host structure.
Increasing the current density to 20 mA g, this material delivers a discharge capacity of 24 mAh
g! (Figure 3-18). It is worth mentioning that, although the capacity is low, the measured
discharge capacities are stable over 10 cycles, suggesting that such electrode could after
optimization work with high cycling stability after the initial capacity loss. For instance, nano-
sizing, carbon coating and doping are promising strategies to shorten ion diffusion length and

enhance the electronic/ionic conductivities, thus improve the rate capabilities.

73



High-voltage cathodes with phosphate frameworks

(a) (b)

111 (032)
R 1 % o O 1) @01 222) (az1) @) SLL
o (011) (002) (022) (311) (322) (331) (241) (051)
S — e S e e S —— S o j‘__-:i:::—_r ‘-‘L ——
3 - 3 e aam— == e
i = e S— e | —————— .
s A ...___,\._._}.':'r“_-“tf
1% : p——
o 3 =
< <8 S
U o | >
E<+] & =
=EE e
i 2
& c
.C:‘.o_ 4
el
o <]
3 3
@ =
= e o
e o -
>ﬂ I
] (-
OtT—T T T T T T ? g T — T “— T
46 44 42 40 3.8 36 3.4 3.2 3.0 10 15 20 25 30 35 40 45 50
Potential/\V vs. Na/Na* Two-Theta/deg.

Figure 3-19. (a) Typical charge/discharge profile and (b) in-situ X-ray diffraction patterns of
NasV(POs)sN electrode during the first cycle.

In situ XRD measurement was conducted to understand the structural changes during the initial
sodiation and desodiation processes. The XRD patterns (Figure 3-19b) were collected during the
first cycle, each after extraction or insertion of 0.025 eq. Na* (in total: 44 diffraction patterns).
The voltage profile resulting from the galvanostatic steps during the in situ characterization is
presented in Figure 3-19a. From Figure 3-19b, only imperceptible changes of the intensity and
position of the reflections are observed. This suggests only small structural and volume changes
to occur upon (de-)sodiation and supports a stable two-phase reaction (Na-poor and Na-rich), as
also indicated by the flat charge-discharge potential profiles.[t52

Table 3-2. Refined Na occupancies, lattice parameter, and cell volume extracted from the
Rietveld refinement of diffraction patterns from 10-45°20 of NazV(POz3)sN electrodes at OCV, fully
charged and fully discharged state in the first cycle.

State Nalocc Na2occ Na3occ a(A) V(A3 Ruwp/% GOF
OoCV 1.05(3) 1..00(2) 0.91(3) 9.445(1) 842.7(2) 3.38 114
1stcharge: 4.5V 058(4) 0.97(2) 0.76(3) 9.438(1) 840.8(3) 3.43 116
1stdischarge: 3.2V 0.85(3) 1.01(2) 0.80(3) 9.440(1) 841.4(2) 3.27 110
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To further investigate the desodiated and sodiated phases, Rietveld refinements of the XRD
patterns of electrodes in fully charged (4.5 V) and discharged (3.2 V) state were performed. The
according Na occupancies and lattice parameter are listed in Table 3-2. All diffractograms could
satisfactorily be refined with the space group P2:3, i.e. cubic lattice parameters. The results
demonstrate that Na* ions at Nal and Na3 sites are firstly extracted when charged to 4.5 V,
resulting in a total amount of about 0.7 eq. Na*. Na cations at these two sites are, therefore, more
mobile. During the discharge process, 0.3 eq. of Na* cannot be electrochemically re-inserted into
the host structure, in agreement with the irreversible capacity in the first cycle as shown in Figure
3-17b. This preliminary result indicates that less capacity contribution is from Na3 site resulting
from the higher diffusion barrier for Na3 than Nal, and there is almost no Na migration occurring
at the Naz2 site, in accordance with the previous study on NasTi(POz)sN.[491 However, the Na ion
mobility at Nal sites is very reversible. This insight may provide a strategy to improve the Na-
migration by tuning the structural properties via selective doping, for example. Moreover, the
volume change (AV/V), obtained from the calculated cell volume difference before (OCV) and
after (4.5 V) Na removal by the Rietveld refinement, that occurs on Na-ion removal is
approximately 0.2 %, a remarkably small volume shrinkage given the large ionic radius of Naions.

This is contributed by the framework constructed of POsN tetrahedra trimers.
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Figure 3-20. Average working potential versus gravimetric capacity for various vanadium-based
positive electrode materials for sodium-ion batteries. Here only one electron reaction of V3+/4+
redox reaction is considered.
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Overall, the nitridophosphate NasV(POs)sN is showing favorable working potential. Figure 3-20
illustrates the potential-capacity comparison of various vanadium-based cathode materials in
sodium-ion batteries. Although the capacity is lower, the material still could reach comparable
energy density to other V-based compounds.

3.2.4 Conclusions

Summarizing, the nitridophosphate NazV(PO3)sN with a cubic structure (a = 9.440(1) A, P2;3
space group) can been successfully synthesized via a conventional solid state method without
flowing ammonia gas as nitrogen source. This compound shows a high operating potential of 4.0
V vs. Na/Na* due to V3+/4+ redox reactions. In the first charge, 0.74 eq. Na* can be extracted but
only 0.38 eq. Na* (i.e. 28 mAh g) can be re-inserted into the framework and reversibly shuttled.
It should be noted that the potential of V3+/4* in most polyanionic cathodes is lower than 4.0 V vs.
Na/Na*, including NasV2(POas)s, which is considered as one of the most promising cathode
materials for practical applications. The nitridophosphate NasV(POz3)s:N exhibits a V3+/4+ redox
reaction at 4.0 V, higher than that of NasV2(PO4)s (3.4 V vs. Na/Na*). Although this kind of
compound offers a limited reversible capacity, room to improve the performance and narrow the
gap between the practical and theoretical capacities is existing. The most obvious is to improve
the conductivity and optimize the particle size with morphology control via, e.g. nano-sizing and
carbon-coating. However, the excellent thermal stability and very small volume changes during
(de)sodiation, i.e. “zero strain”, with high operating voltage, make this kind of compounds a
potentially interesting safe high-voltage cathode material for sodium-ion batteries.

76



Polyanionic electrode-based sodium-ion batteries

Chapter 4

Polyanionic Electrode Based Nonaqueous and Aqueous Sodium-

ion Batteries

The results in this chapter are partially published in the following publications:

1.

Zhang, H.; Jeong, S.; Qin, B.; Carvalho, D. V.; Buchholz, D.; Passerini, S., Towards
High-Performance Aqueous Sodium-ion Batteries: Stabilizing the Solid/Liquid
Interface for NASICON-type Na2VTi(PO4)s using Concentrated Electrolytes.
ChemSusChem 2018, 11 (8), 1382-1389.

Zhang, H.; Qin, B.; Han, J.; Passerini, S., Aqueous/Nonaqueous Hybrid Electrolyte
for Sodium-ion Batteries. ACS Energy Letters 2018, 3 (7), 1769-1770.

Zhang, H.; Qin, B.; Buchholz, D.; Passerini, S., High-Efficiency Sodium-ion Battery
Based on NASICON Electrodes with High Power and Long Lifespan. ACS Applied
Energy Materials 2018, 1 (11), 6425-6432.
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4.1 Symmetric Sodium-ion Battery: Na:VTi(POa4)3//Na2VTi(POa4)s3

4.1.1 Introduction

Sodium (Na)-ion batteries hold the great promise of enabling cost-effective grid energy storage
owing to their cost advantages and good energy density.[14.153 Indeed, the typical Na-ion battery,
operating at ambient temperature with two host materials (e.g. hard carbon anode, layered
transition metal oxide cathode) in an organic solution electrolyte, already delivers high energy
density and good cycling stability.[!54 Nevertheless, non-aqueous Na-ion batteries suffer from the
toxicity, flammability, low ionic conductivity and relatively high cost of the electrolytes.[!55] An
attractive approach to circumvent this problem is to use an aqueous electrolyte.[? 1561 The success
of the low-cost lead-acid battery demonstrates the potential of aqueous Na-ion batteries, e.g., for
load leveling and grid stabilization. Still, the low energy density needs to be enhanced to establish
aqueous Na-ion batteries as an attractive technology for power-management operations and grid-
scale energy storage. Despite the considerable progress in the development of electrode materials
such as layered oxides, Prussian blue derivatives and polyanionic compounds, especially the
cycling stability and energy density need to be enhanced further.[157-164]

Polyanionic compounds with NASICON (Na Super lonic Conductor) structure have attracted
intensive interest because of their high structural stability, large ionic channels, and good
accessibility of the sodium sites.[165 1661 The V4+/V3+ and Ti4*/Ti3* redox processes in vanadium-
and titanium based insertion hosts with NASICON-structure occur within the electrochemical
stability window of water.['671 Hence, NASICON-type NaTi2(PO4); and NasV2(PO.); have been
investigated intensively as electrode materials for aqueous Na-ion batteries. Especially
NaTi2(POa)s has been of high interest because it is redox active at low voltages but within the
stability of the aqueous electrolyte, enabling enhanced energy density.[168. 1691 However, pristine
NasV2(PO.)s suffers from the structural degradation in aqueous electrolytes within few cycles. A
recent study showed that this issue can be fixed by substitution of vanadium.['70l In consequence,
amphoteric insertions host that can be used as cathode and anode materials are being developed.
This enables the fabrication of symmetric batteries at reduced manufacturing costs.[82. 171
Goodenough and coworkers developed a symmetric aqueous Na-ion battery using NASICON-
structured NasMnTi(PO,)s, exhibiting Ti4*/Ti3+* and Mn3*/Mn2* redox couples at low and high
voltages, respectively.l'’2l The symmetric non-aqueous Na-ion battery with NASICON-type
Na2VTi(PO.)s (NVTP) delivered superior rate capability and cycling stability.['73] In addition, the
NVTP electrode could also be used in an aqueous symmetric Na-ion battery with an output voltage
of ~1.2 V in conventional 1M Na.SO, aqueous electrolyte.['74 However, the high rate capability
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and cycling stability should be further improved to demonstrate the feasibility for commercial

applications.[17s]

So far, Na;SQO4-H20, NaNO3-H20, NaTFSI-H20, NaFSI-H20 and NaOTF-H20 have been reported
as electrolyte salts, but Na;SO4 is most commonly used due to its low cost and environmental
friendliness. It has been shown that the use of highly concentrated and sulfonate-based
(NaCFsS0s) electrolytes widens the electrochemical stability window of the electrolyte and
enhances the stability of the electrode by water solvation and thick solid electrolyte interphase
formation.[!64.176.1771 As g result, further studies investigated the effect of Na-salt concentration in
aqueous electrolytes.l178. 1791 However, not only the electrochemical stability window and ionic
conductivity but also increased cost need to be considered for concentrated aqueous electrolytes.
In this regard, NaClO, is a promising candidate because it is relatively cheap and already widely
studied in non-aqueous Na-ion batteries.[179-1811 Therefore, an aqueous Na-ion battery consisting
of polyanionic host electrodes and low-cost aqueous Na-salt electrolyte could be promising for

large-scale energy storage applications.

Herein, NASICON-type NaxVTi(PO4)s/C (NVTP/C) composite is synthesized by a simple sol-gel
method and investigated in a symmetric nonaqueous or aqueous Na-ion cell. The effect of NaClO.
concentration on the performance of NVTP/C is unraveled. In addition, the superior
electrochemical performance in 9.2 m (molality) NaCFsSOs; (NaOTF) “water-in-salt” electrolyte is
demonstrated. It is shown that the solid electrolyte interphase plays a critical role for a stable

electrochemical performance and high rate capability.
4.1.2 Experimental Methods
4.1.2.1 Materials synthesis

The NASICON-type Na2VTi(PO4)s/C composite was synthesized via a sol-gel method. [173] In a
typical synthesis, 0.02 mol CH3;COONa-3H,0 (VWR, >299%), 0.01 mol NH,VOs (Sigma Aldrich,
>99%), and 0.03 mol NH4H>PO, (Alfa Aesar, >99%) were dissolved in 50 ml 0.02 M aqueous
citric acid monohydrate (CeéHsO7-H,0O) (Alfa Aesar, >99%) solution. Then, 10 ml 1.0 M
Ti(CH3CH2CH2CH20)4 (Sigma Aldrich, >98%) solution in absolute ethanol (VWR, >99.9%) was
poured into the above solution with vigorous stirring. The blue powder was collected as the gel
precursor after heated to 80 °C to evaporate the solvents. The precursor was pretreated at 350 °C
for 5 h, followed by sintering at 800 °C for 12 h under argon flow to obtain the Na>VTi(PO4)s/C
composite. The aqueous electrolytes were prepared by dissolving different concentrations of
NaClO4-H20 (VWR, 299%) and Na,SO4 (Sigma Aldrich, >99%) in Milli-Q water, i.e. 1 M, 4 M, 8
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M NaClO4 and 1 M Na>SO4 (mol-salt per liter solution). The “water-in-salt” electrolyte was
prepared according to the literature, i.e. 9.2 m (mol-salt in kg-solvent) NaCFzSOs (Alfa Aesar,
>98%) in Milli-Q water.['78] All the aqueous electrolytes were degassed with N, for 2 h to remove

the dissolved O, before use.
4.1.2.2 Materials characterization

Powder X-ray diffraction analysis was performed in Bragg-Brentano geometry using a Bruker D8
Advance diffractometer. The pattern was recorded with CuKa radiation (A = 0.154 nm) in the 20
range of 10° - 90° with a step size of 0.01°. Raman spectra were collected on a RAM Il FT-Raman
module of a Bruker Vertex70 FT-IR spectrometer with a laser wavelength of 1064 nm for 1000
scans with a resolution of 2 cm-, and analyzed using PeakFit software (version 4.12, SeaSolve
Software. Inc.). The samples were sealed in glass tubes with argon as protective gas.
Morphological characterization was conducted on ZEISS 1550VP Field Emission SEM (Carl Zeiss,

Germany).
4.1.2.3 Electrochemical characterization

lonic conductivities of the aqueous electrolytes were measured in sealed glass conductivity cells
(AMEL 192/K1) equipped with two porous platinum electrodes (cell constant of (1.0 = 0.1 cm)
using an AMEL 160 conductivity meter. The electrodes were prepared by doctor-blade casting of
slurries in N-methyl-2-pyrrolidone (anhydrous, Sigma-Aldrich) with 80 wt.% Na,VTi(PO4)s/C, 10
wt.% carbon black (Super C65, IMERYS) and 10 wt.% polyvinylidenefluoride (Solef 6020, Solvay
Group) on stainless steel. After drying, electrodes with a diameter of 12 mm were punched and
dried at 120 °C under high vacuum. The average active material mass loading was ~10 mg cm-2,
The cells using organic electrolyte were assembled in an argon-filled glove box with H,O and O;
contents lower than 1.0 ppm. Sodium half-cells were assembled using glass fiber discs (GF/D,
Whatman) as separators, 1M NaPFs (Alfa Aesar, 99%) in propylene carbonate/ethylene carbonate
(1:1, v/v) (BASF, Battery Grade) as electrolyte and sodium metal (99.8%, Acros Organics) as
counter and reference electrodes. Symmetric Na-ion cells were assembled using Na>VTi(POa)s/C
electrodes as anode and cathode in a weight ratio of ~1. A Maccor 4000 Battery system (Maccor,
USA) was used for the galvanostatic charge/discharge test at various C-rates. Cyclic voltammetry
and electrochemical impedance spectroscopy tests were performed on a multichannel
potentiostat/galvanostat (VMP3, Biologic Science Instruments, France). The impedance spectra
were recorded from NVTP electrodes at OCV and discharged state (after a potentiostatic step at
0.5 V for 30 min) with amplitude of 10 mV over the frequency range from 100 kHz to 100 mHz.

All measurements were performed in climatic chambers at 20 + 1 °C.
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4.1.3 Results and Discussion

The powder X-ray diffraction pattern of synthesized Na,VTi(PQO4)s/C is presented in Figure 4-
la. NASICON-type NaTiz(PO.); and NasV2(POa)s can be indexed with a rhombohedral unit cell
and R-3c space group.[t57.173-175, 1821 The morphology was examined by SEM (Figure 4-1b). The
obtained NVTP/C materials are composed of irregular-shaped microscale particles. The carbon
content is estimated to be ~6 wt.% according to carbon-hydrogen-nitrogen (CHN) elemental

analysis.
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Figure 4-1. (a) XRD pattern and (b) SEM image of Na,VTi(PO4)s/C composite.
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Figure 4-2. Initial and second galvanostatic charge-discharge profile of NaVTi(PO4)s/C
between 1.5 and 4.0 V vs. Na*/Na at 0.2 C (1C =60 mA g).

In the following, NVTP/C electrodes were investigated in three-electrode Swagelok half-cells with
metallic sodium as counter and reference electrodes. Figure 4-2 depicts the initial and second

galvanostatic charge-discharge profiles in 1M NaPFg in PC/EC (1:1 v/v) electrolyte between 1.5
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and 4.0V at0.2 C (1C=60mAg?). Intheinitial charge process, the electrode exhibits the typical
at ~3.4 V vs. Na*/Na, close to the potential of V3+/V4* redox process in NasV2(PO4)s.['82 The first
discharge potential profile features two plateaus at ~3.4 V and ~2.1 V vs. Na*/Na due to V4*/V3*
and Ti4*/Ti3* redox couples, respectively. The initial charge capacity is 54 mAh g-1, while the
discharge capacity is 114 mAh g-1. The second charge shows the same position and extent of the
plateaus, demonstrating the highly reversible sodium storage in NVTP/C.
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Figure 4-3. (a) Galvanostatic charge-discharge profiles of symmetric full cell between 0.5 and
1.5V at different C-rates, and (b) long-term cycling stability test of the symmetric full cell at 20 C
in 1M NaPFs PC/EC (1:1 v/v) organic electrolyte (1C = 60 mA g%).

The galvanostatic charge-discharge profile of the symmetric Na-ion battery with organic
electrolyte cycled in a coin cell between 0.5-1.5 V is displayed in Figure 4-3a. The full cell shows
a stable plateau at ~1.2 V and delivers a reversible capacity of 51 mAh g-* at 0.2 C. The initial
coulombic efficiency is about 96.6%. At increased current densitiesof 1 C, 2 C, 10 C, 20 Cto 40 C,
the reversible capacities reduce to 46, 43, 32, 24 and 14 mAh g-t, respectively. Figure 4-3b

82



Polyanionic electrode-based sodium-ion batteries

displays the long-term cycling behavior of the symmetric full cell at 20 C. An extraordinary high
capacity retention of ~99% is obtained after 1000 cycles with coulombic efficiency close 100%.
This is demonstrating the excellent sodium storage and high rate capability of NVTP/C materials

in the symmetric Na-ion cell.

Solvation structure and ion association of NaClO4 aqueous solutions over a wide concentration
range and 9.2 m NaOTF “water-in-salt” electrolyte were elucidated with Raman spectroscopy. As
previously reported, the aggregation behavior of the salt and free water in electrolytes can be
beneficial for interfacial stability of the electrode during electrochemical process.[178. 1831 Figure
4-4a shows the ClO4 stretching mode at room temperature in the range 890-970 cm-! to evaluate
salt aggregation in NaClO4 containing aqueous electrolytes. The peak position shifts to a higher
wavenumber with increasing salt molarity. Via component band analysis, four Lorentz-Gaussian
peaks at ~945.0, 935.0, 925.0 and 915.0 cm-! can be assigned to the contact ion pairs/aggregated
cation-ion pairs, solvent-separated ion pairs, free solvated ClO4, and overtone Vv;-ClOg,
respectively.[184.185] The curve fitting shows that the highest wavenumber peak of the contact ion
pairs/ionic aggregates increases, whereas the solvent-separated ion pairs, free solvated ClO4-, and
overtone band v>-ClO4 decrease with increasing salt molarity. This shows that the solvent
separated ion pairs between Na* and ClO4 are dominant over the hydrogen bonds between water
molecules. However, a significant degree of ion pairing and aggregation can be observed in all
electrolytes.

The intensity of Raman OH bending and OH-stretching modes at ~1640 cm-! and ~3240 cm-,
respectively, can be used to determine hydrogen bond strength and identify the “free” water
content in the aqueous solutions.['86]1 The Raman spectra of the OH bending and OH stretching
regions of NaClOs-H>0 and 9.2 m NaOTF “water-in-salt” electrolytes are shown in Figure 4-4b
and c. The intensities of OH bending and stretching modes decrease with the increasing
concentration, as the hydrogen bonds in water are broken in the highly concentrated solutions,
consistent with the ion aggregation behavior. To confirm the salt aggregation behavior in the 9.2
m NaOTF “water-in-salt” electrolyte, the SO; stretching mode was examined (Figure 4-4d). The
Lorentz-Gaussian deconvolution of the Raman spectrum reveals two major bands that can be
associated to solvent-separated ion pairs and contact ion pairs/aggregated cation-anion pairs,
which is in excellent agreement with a previous report.['’8] Representative Na+ cation solvate
species (solvent-separated ion pairs, contact ion pairs and aggregated cation-anion pairs) in dilute

and concentrated electrolytes can be seen in Figure 4-5.
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Figure 4-4. Raman spectra of the aqueous electrolytes. (a) ClO4 stretching mode in 1, 4 or 8 M
NaClO4 aqueous electrolyte; (b) OH bending and (c) OH stretching bands in 1, 4 or 8 M NaClO4
and 9.2 m NaOTF “water-in-salt” electrolytes; (d) SOz stretching mode in 9.2 m NaOTF “water-

in-salt” electrolyte.
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Figure 4-5. Representative Na* cation solvate species (solvent-separated ion pairs, contact ion

pairs and aggregated cation-anion pairs) in dilute and concentrated electrolytes.
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Figure 4-6. (a) lonic conductivities of aqueous 1 M NaClO4, 4 M NaClOs, 8 M NaClO4, and 9.2
m NaOTF “water-in-salt” electrolytes at 20 °C; (b) Cyclic voltammogram curves of the
Na2VTi(PO.)s/C symmetric full cells at a scan rate of 0.5 mV s between O and 1.5V in various
aqueous electrolytes.

The ionic conductivity of electrolytes with different concentrations at 20 °C is shown in Figure
4-6a. The 4 M NaClO, aqueous solution shows the highest ionic conductivity.[!60. 1871 Higher
NaClO4 concentrations lead to decreased ionic conductivities due to increased cation-anion
aggregation and coulombic interactions. Although the increased ion aggregation leads to reduced
ionic conductivity, it can facilitate the charge transfer and stabilize the interphase between water
molecules and the reducing electrode surface.l'’8] Hence, the electrochemical behavior of

symmetric cells with NVTP/C electrodes was evaluated via cyclic voltammetry (CV) in aqueous
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electrolytes of different NaClO4 concentration and 9.2 m NaOTF “water-in-salt” electrolyte
(Figure 4-6b). All cells exhibit a current peak at ~1.2 V corresponding to the potential difference
between V3+/V4* and Ti**/Ti3* redox couples in NVTP/C. The peak intensities decrease with the
increasing concentrations of NaClO, salt, however, the voltage hysteresis is lowest in 8 M NaClO4

electrolyte.
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Figure 4-7. The galvanostatic charge-discharge profiles of NaxVTi(POa4)s/C symmetric full cells
at various C-rates using stainless steel foil as current collector in agueous NaClO, electrolytes (1
M, 4 M, 8 M) and 9.2 m NaOTF “water-in-salt” electrolyte.

The effect of electrolyte concentrations on the performance of NVTP/C symmetric cells was

studied with galvanostatic cycling test (Figure 4-7). The initial charge capacities of all cells is
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close to the theoretical values (62 mAh g1). However, an irreversible capacity is observed during
discharge, leading to low initial coulombic efficiency, in accordance with other studies on aqueous
Li- and Na-ion batteries.[157. 160. 188] |nterestingly, the reversible capacities of NVTP/C electrodes
increase with the salt concentrations at 0.2 C (i.e., 43.4 mAh g-1in 8 M NaClO4, 37.4 mAh gtin 4
M NaClO,4 and only 28.5 mAh g-tin 1 M NaClO4). However, at increased current densities of 20
C, the 4 M NaClO, electrolyte delivers higher reversible capacities due to the higher ionic
conductivity. Most importantly, when using the NVTP/C electrode in 9.2 m NaOTF “water-in-salt”
electrolyte a superior electrochemical performance is observed. This is, e.g., evidenced by high
reversible capacities of 45.0 mAh g-tat 0.2 C and 24.8 mAh g-tat 20 C. Thus, higher rate capability
is obtained with respect to the other aqueous electrolytes despite the lower ionic conductivity.

Figure 4-8a shows the rate test from 0.2 C to 20 C of aqueous NVTP//NVTP symmetric cells.
For 1 M, 4 M and 8 M NaClO. aqueous electrolytes the performance at high rate of 10 Cand 20 C
is in accordance with observed ionic conductivity, i.e. the best rate performance being obtained in
4M electrolyte, followed by 8 M and 1 M. At low rate (from 0.2 C to 2 C), improved performance
is obtained with increase of NaClO,4 concentration. Again it needs to be highlighted that the
NVTP/C electrode in concentrated 8 M NaClO4 electrolyte and 9.2 m NaOTF “water-in-salt”
electrolyte exhibits an outstanding electrochemical performance at low but also high current rates
in accordance with previous works. These results suggest that the interfacial stability and charge
transfer at the electrode- electrolyte interface are different in the different electrolytes. Lower
coulombic efficiencies (see Figure 4-8b) and higher capacity fading are observed in the more
dilute electrolyte solutions. Electrical contact loss between electrode particles, hydrogen evolution
and related material degradation are most probably the origin for these results and also explain
the low electrochemical performance of NVTP/C between 0.2C and 2C in 1 M NaClOs and 4 M
NaClO4 electrolyte.[178.187]
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Figure 4-8. (a) Rate capability measurements, (b) corresponding coulombic efficiencies of
NaxVTi(PO.)s/C symmetric full cells in various aqueous electrolytes.

Figure 4-9 shows the long-term cycling of NVTP/C symmetric full cells in various aqueous
electrolytes at 20 C together with the capacity retention during cycling. All NVTP/C electrodes
show extremely stable cycling behavior and no or negligible capacity fading for 1000 cycles.
Therefore, superior performance is observed for NVTP/C cycling in 8 M NaClO4and 9.2 m NaOTF
“water-in-salt” electrolyte. The stable cycling performance is confirmed via the very good overlap
of voltage profiles, recorded during 1st, 500t and 1000 cycle at 20 C, for the symmetric cells in 8
M NaClO, and 9.2 m NaOTF “water-in-salt” electrolytes (Figure 4-10).
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Figure 4-9. Cycling test at 20 C of NaxVTi(PO.)s/C symmetric full cells in various aqueous
electrolytes.
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Figure 4-10. The galvanostatic charge-discharge profiles of Na;VTi(PO4)s/C symmetric full cells
at 20 C in 8 M NaClO4 aqueous electrolyte and 9.2 m NaOTF “water-in-salt” electrolyte (1st, 500t
and 1000t cycles).
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Figure 4-11. Nyquist and Bode plots of Na;VTi(POa4)s/C symmetric full cells in various aqueous
electrolytes. Impedance spectra were recorded (a) at open-circuit voltage and (b) after 50 cycles

(fully discharged state).

Electrochemical impedance spectroscopy (EIS) was performed on NVTP/C electrodes in the
different aqueous electrolytes because electrochemical performance tests strongly indicated the
crucial impact of the charge transfer at the electrode-electrolyte interface. The EIS spectra are
presented in Figure 4-11. The Nyquist plots consist of a semicircle referring to the electrolyte
resistance (high-frequency intercept) and charge transfer resistance at the electrode/electrolyte
interface, and a sloping line at low frequency related to the diffusion in the electrode. At OCV, the
lower frequency intercept of the semicircle shifts to lower frequencies with higher salt
concentration. After 50 cycles the lower frequency intercept increases for all the electrolytes.
However, the largest increase of the frequency intercept, referring to a charge transfer resistance
of 140-160 Q, is observed for 8 M NaClO. and 9.2 m NaOTF “water-in-salt” electrolyte. The minor
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resistance increase for the more diluted aqueous electrolytes in the initial cycles is in accordance
with available reports and indicates that a resistive but protective interphase is not formed on the
NVTP electrode.

(a) (b)

1M NaClO, 8M NacClO, 9.2m NaOTF

(d)

Figure 4-12. (a) Photographs of separators from the cells after 1000 cycles aiming to show the
dissolution of Vn* species in agueous solutions, and (b, ¢, d) SEM images of anodes in 1 M NaClOg,

8 M NaClO4 aqueous electrolytes and 9.2 m NaOTF “water-in-salt”, respectively.

However, to provide further evidence, we performed post-mortem analysis of cells after 1000
cycles (Figure 4-12). In detail, separators from the cell with 1 M NaClO4 electrolyte are yellowish
due to the dissolution of vanadium species in the diluted agueous solution over cycling. In
contrast, separators from cells with 8 M NaClO, and 9.26 m NaOTF “water-in-salt” electrolyte
remain white, indicating the efficient stabilization of electrodes. Indeed, SEM images reveal the
formation of relatively dense and thick film on the active materials particles after cycling in these
concentrated electrolytes (as cycled with red line in Figure 4-12c and d), while no film is present
on the particle after cycling in 1M NaClO;, electrolyte.

In non-aqueous lithium-ion batteries the increased resistance is commonly associated to the
formation of solid-electrolyte interphase (SEI).'8 Therefore, these results indicate the formation
of a resistive, but protective layer on the NVTP electrodes that, analogously to the SEI in Li-ion
batteries, suppresses unwanted side reactions, such as H evolution, at the electrode surface. This
protective layer enables the improved electrochemical cycling performance in the highly
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concentrated NaClO4 aqueous electrolytes and 9.2 m NaOTF “water-in-salt” electrolyte. Indeed,
similar behavior, i.e. formation of a resistive SEI film, was also observed in other studies using
“water-in-salt” sulfonate-based electrolytes.[177. 190]

4.1.4 Conclusions

In this work, we successfully synthesized NASICON-type Na;VTi(PO4)3/C composites and
investigated their use as electrode material in symmetric NaVTi(POa4)3//Na>VTi(PO4)3 aqueous
Na-ion batteries. The agueous NaClO, electrolytes with different concentration and a sulfonate-
based “water-in-salt” electrolyte were used to study the impact of the electrolyte on the
performance of the electrode materials. In detail, the salt concentration in the electrolyte
significantly changes the charge transfer at the electrode-electrolyte interface. The symmetric
aqueous Na-ion batteries with NASICON electrode materials were found to deliver very stable
cycling performance and very good rate capability in the highly concentrated aqueous 8 M NaClO4
electrolyte and 9.2 m NaOTF “water in salt” electrolyte. At low current density, this can be
attributed to the more pronounced ion aggregation and enhanced electrolyte stability. The
formation of a resistive but protective interphase derived from concentrated electrolytes was
found to be the origin for the superior performance at low and high rates. The “water-in-salt”
sulfonate-containing electrolyte enabled extremely stable cycling at 20 C for 1000 cycles of the
symmetric aqueous Na-ion battery without capacity fading. These results provide an important
insight fir the development of aqueous Na-ion batteries with stable long-term cycling
performance for large-scale energy storage. Future work should be dedicated to the elucidation of
the SEI forming mechanism in highly concentrated NaClO, electrolyte and the electrical double
layer in concentrated electrolytes.
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4.2  Sodium-ion Battery: NaTi2(POa4)s//NasV2(POa4)s3

4.2.1 Introduction

Polyanionic electrode materials are very interesting for battery applications requiring high safety
and long lifespan, due to their negligible structure change during electrochemical reaction.o1
Among a number of electrode materials investigated for sodium-ion batteries, NASICON (Sodium
Super lonic Conductor)-structured materials show of great interest due to the open framework
structures with fast ionic diffusion capability.['65 1921 |n this respect, phosphate framework
materials offer relatively high structural stability, facile producibility and rich structural
diversity.[!9] Polyanionic NasV2(PO4)sz compounds are considered as promising cathodes with a
theoretical specific energy of 400 W h kg (117.6 mAh g and 3.4 V vs. Na/Na* with V3*/V4* redox
couple) and high structural/thermal stabilities.[8: 194. 195 |n a similar manner, the NASICON-
structured NaTiz(PO4)s has also been reported as excellent anode material in large-scale
application on the basis of insertion mechanisms with Ti4*/Ti3* redox, benefiting from the open
3D framework with the large interstitial spaces, fast Na+ diffusion, and relatively high working
potential, strongly reducing the risk of sodium metal plating.[196-1981 However, the implementation
of scaffolded functional carbon and nanostructured design should be applied to improve the
electric conductivity and reduce the Na* diffusion pathways, enabling satisfactory cycling stability
and rate capability in SIBs. In Chapter 2, we have demonstrated the superior cycling and rate
performance of NasV2(PO.)s cathodes by functional carbon interpenetration together with
simplified synthesis procedure.[182.199] |n this respect, the NASICON-type NasV2(PO4)s cathode
and NaTiz(PO.)s anode could be coupled to build safer SIBs with high lifetime.[173. 2001 But, few
studies report on the development of scalable synthesis methods for the large-scale production of
active materials, which can maintain the superior electrochemical performance realized in lab-
scale fabrication.[201

Moreover, rather than the energy density for portable electronics, cost and safety become more
important for grid-energy storage.[2021 Aqueous electrolytes promise increased operational safety
and lower manufacturing cost. However, the narrow electrochemical window and poor materials
stability limit the running of a successful device.[156.203] Recently, a highly concentrated “water-in-
salt” electrolyte (WiSE) was reported which can significantly reduce electrochemical activity of
water and thus enable constructing high energy aqueous batteries.[161.164,204-206] On the other hand,
NASICON-type NasV2(POa4)s conceives to be a promising cathode for sodium-ion batteries, owing
to its structural stability and comparable specific energy.[’81 However, it suffers from the

degradation in aqueous electrolytes during electrochemical reaction, resulting in the severe
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energy-loss.[167.169 Therefore, it is necessary to improve the stability of NasV2(POa)s electrode from

both the materials optimization and electrolyte design.

First of all, we report the scalable synthesis of porous NasV2(PO.); and NaTi2(PO4)s composites
with excellent reversible capacities and rate capabilities. The realization and investigation of a full
cell based on these two NASICON electrodes using a conventional carbonate electrolyte and
copper or aluminum foil as negative current collector are also reported. Then, to further develop
this combination in aqueous environment, we design an aqueous/nonaqueous hybrid electrolyte
with an expanded electrochemical window up to 2.8 V and comparable conductivity (~25 mS cm-
L at 20 °C). The double-carbon confined NasV2(PO.):@rGO@C composite is synthesized. This
study demonstrates the first use of concentered hybrid aqueous/nonaqueous electrolyte in
sodium-ion batteries that enables the stable operation of sodium ion battery with
NaszV2(PO.)s//NaTi2(PO4)3 configuration in aqueous environment.

4.2.2 Experimental Methods
4.2.2.1 Materials synthesis

The NASICON-type NasV2(PO4)3/C and NaTi2(PO4)3/C composites were synthesized via a sol-gel
method. Typically, CHs;COONa-3H,0 (VWR, >99%), NH4VOs; (Sigma Aldrich, 299%), NH4sH,PO4
(Alfa Aesar, 299%), and citric acid monohydrate (CsHsO7-H20) (Alfa Aesar, >99%) were dissolved
in deionized water and dried at 80 °C. The obtained precursor was ground and pre-treated at
350 °C for 6 h, followed by sintering at 800 °C for 12 h under argon flow to obtain the final
NasV2(P0O.)s/C composite. Graphene oxide (Nanoinnova Technologies) was used to synthesize the
NazV2(PO.)s@rGO@C composite by following the same procedure as NasV2(PO4)3/C. In the
NaTi2(PO,.)s/C synthesis, CH:COONa-3H.0 and NH4H>PO4 were firstly dissolved in deionized
water. Then, polyvinyl pyrrolidone (PVP, K30, Sigma Aldrich) and Ti(CH3CH2CH>CH-0)4 (Sigma
Aldrich, >98%) were dissolved in anhydrous ethanol (VWR, >99.9%) and poured into the aqueous
solution under vigorous stirring. The precursor collected after evaporating the solvents was
sintered at 800 °C for 12 h under argon flow to obtain the NaTi>(PO4)3/C composite.

The aqueous/nonaqueous hybrid electrolyte was prepared by mixing the same weights of 7 m
(molality) NaCF3sSOs (Alfa Aesar, >98%) in Milli-Q water with 8 m NaCF3SOs (Solvionic, 99.5%)
in propylene carbonate (BASF, Battery grade) under heating (35 °C). Low concentrated
aqueous/nonaqueous hybrid electrolyte was prepared by dissolving 1 m NaCFsSOz in H.O/PC
solvents (v/v, 1:1). The “water-in-salt” electrolyte was prepared as used before, i.e. 9.26 m
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NaCF3SOs (Solvionic, 99.5%) in Milli-Q water. All the aqueous electrolytes were degassed with N

for 2 h to remove the dissolved O, before use.
4.2.2.2 Materials characterization

Powder X-ray diffraction (XRD) analysis was performed in Bragg-Brentano geometry using a
Bruker D8 Advance diffractometer. The pattern was recorded with CuKa radiation (A = 0.154 nm)
in the 20 range of 10° - 70° with a step size of 0.01°. Morphological characterization was conducted
on ZEISS 1550VP Field Emission SEM. Carbon, hydrogen, and nitrogen (CHN) elemental
analyses were performed on a Perkin—Elmer EA 2400 instrument. The nitrogen adsorption and
desorption isotherms were performed on Micromeritics ASAP 2020 surface area & porosity
analyzer. The Brunauer—Emmett—Teller (BET) surface area and pore size distributions were
obtained from BET plot and BJH (Barrett, Joyner, and Halenda) model. Liquid Raman spectra
were collected on a RAM Il FT-Raman module of a Bruker Vertex70 FT-IR spectrometer with a
laser wavelength of 1064 nm for 1000 scans with a resolution of 2 cm-. The samples were sealed

in glass tubes with argon as protective gas.
4.2.2.3 Electrochemical characterization

The electrochemical performance was investigated in Swagelok-type cells. The electrodes were
prepared by doctor-blade casting slurries with 90 wt.% active materials, 5 wt.% carbon black
(Super C65, IMERYS) and 5 wt.% polyvinylidenefluoride (Solef 6020, Solvay Group) in N-methyl-
2-pyrrolidone (anhydrous, Sigma-Aldrich) on aluminum foil for NVP/C, both copper and
aluminum for NTP/C, respectively. After drying, electrodes with a diameter of 12 mm were
punched and further dried at 120 °C under high vacuum. The average active material mass loading
was 3.5 mg cm-2. The electrolyte was prepared by dissolving 1 M NaPFe (Fluorochem) in propylene
carbonate (PC, BASF) with 2 wt.% fluoroethylene carbonate (FEC, BASF) in an Ar-filled glovebox
with H>O and O contents less than 0.1 ppm. Glass fiber (GF/D, Whatman) disc was used as
separator. The half-cells were assembled using sodium metal as counter and reference electrodes.

NVP//NTP full cell was assembled in a cathode to anode weight ratio of 1—1.1.

The ionic conductivity of the hybrid electrolyte was measured in sealed glass conductivity cells
(Materials Mates 192/K1) equipped with two porous platinum electrodes (cell constant of (1.0 +
0.1 cm) using a Bio-Logic conductivity meter. Coin cells are assembled as mentioned before, for
the aqueous measurement. The electrodes were prepared by casting slurries of 80 wt.% active
materials, 10 wt.% carbon black and 10 wt.% polyvinylidenedifluoride in N-methyl-2-pyrrolidone

on stainless steel by a doctor blade equipment. After drying, electrodes with a diameter of 14 mm
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were punched and further dried at 120 °C under high vacuum. The average active material mass
loading was ~3 mg cm-2. NVP//NTP full cells were assembled in a cathode to anode weight ratio
of 1-1.1.

A Maccor 4000 Battery system (Maccor, USA) was used for the galvanostatic charge-discharge
test at various C-rates. Cyclic voltammetry and electrochemical impedance spectroscopy were
performed with a multichannel potentiostat/galvanostat (VMP3, Biologic Science Instruments).
The impedance spectra were recorded on the full cell at OCV and discharged state after cycling
(after a potentiostatic step at 0.5 V for 30 min), with a signal amplitude of 10 mV over the
frequency range from 100 kHz to 100 mHz. All measurements were carried out in climatic
chambers at 20 £ 1 °C.

4.2.3 Results and Discussion
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Figure 4-13. XRD pattern (a) and (b) SEM images of NaszV2(PQO4)s/C composites.

The NazV2(P0.):/C (NVP/C) composites were synthesized via a simple sol-gel method followed
by solid-state calcination. Figure 4-13a shows the XRD patterns of the synthesized NVP/C
composites. The result confirms that the NVP/C crystallizes in rhombohedral NASICON structure
with R3c space group. The diffractograms present no evidence of impurity phases, suggesting that
the synthesis conditions adopted are suitable for targeted phase. The carbon amount in NVP/C,
as determined by elemental analysis, is about 4.2%. The morphology of NVP/C composites is
presented in Figure 4-13b. The SEM images show that NVP/C composite has a porous structure
with some edge-sharp, crystalline NVP particles on the surface, resulting from the NVP melting
induced from the high sintering temperature. According to the nitrogen adsorption—desorption
test, the Brunauer—Emmett—Teller (BET) specific surface area of NVP/C is 28 m2 g-1.
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Figure 4-14. Electrochemical properties of NVP/C composite in half cells. (a) Selected charge-
discharge profiles at various C-rates, and (b) long-term cycling performance at 20 C. (1C=120 mA
g%, IM NaPFs in PC with 2%FEC as electrolyte)

The electrochemical properties of NVP/C as cathode were initially evaluated in Na half-cells.
Figure 4-14a shows the typical charge-discharge profiles at different C-rates (1C = 120 mA g7?).
As depicted, all the curves exhibit distinct charge-discharge voltage plateaus at around 3.4 V, in
good agreement with the CV results. At 0.5 C, the NVP/C composite delivers a charge and capacity
of 116 mAh gtand 114 mAh g, respectively, leading to a high initial coulombic efficiency of 98.5%.
At higher C-rates, the coulombic efficiency is always close to 100 %. To investigate the long-term
cycling stability, the electrode was cycled at 20 C for 5000 cycles as shown in Figure 4-14b. It
can be seen that the electrode can maintain 83 mAh g with capacity retention of 91.8% after long-
term cycling. These results suggest that the NVP/C composite obtained via simple solution
method can be used as high-power cathode materials in NIBs, because the porous materials
structure enables the fast reaction kinetics.

The NaTi2(PO4)3/C (NTP/C) composites were confirmed by XRD test. As shown in Figure 4-15a,
the XRD pattern of NTP/C composites can be indexed to a rhombohedral NASICON structure
(PDF 33-1296) with space group of R-3c. No impurity peaks are observed. Figure 4-15b shows
that NTP/C composites are composed of nanosized clusters with smaller nanoparticles aggregated
by conductively porous carbon. The carbon amount in NTP/C, as determined by elemental
analysis, is about 5.4%. The Brunauer—Emmett—Teller (BET) specific surface area of NTP/C is 73
m?2 g-t. Compared to the NVP/C composites, the morphological difference is attributed to the
different carbon precursors and sintering procedures during the synthesis. And, the porous
structure offers easy paths for electrolyte penetration.
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Figure 4-15. XRD pattern (a) and (b) SEM images of NaTi>(PO.)s/C composites.

The electrochemical performance of NTP/C composite as anode was evaluated in Na half-cell. The
initial galvanostatic charge-discharge profiles of NTP/C electrode in a potential range of 1.4-3.0
V (vs. Na*/Na) at rates of 0.5, 1, 5, 10, 20, 50, 100 C (1C=120 mA g?) are displayed in Figure 4-
16a. The initial charge-discharge capacities are 100 and 102 mAh g%, corresponding to a
coulombic efficiency of about 98.3%. Such a high initial efficiency can be attributed to the
insertion reaction of NASICON-structured materials and the improved reaction kinetics by
structural confinements.[207. 2081 The galvanostatic charge-discharge curves exhibit distinct charge
and discharge potential plateaus, which still can be maintained at such high rate of 100 C,
revealing the superior power capability and reversibility. The long-term cycling stability test at 50
C is depicted in Figure 4-16b. The electrode exhibits excellent capacity retention of 98% after
1000 cycles with coulombic efficiency close to 100%.
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Figure 4-16. Electrochemical properties of NTP/C composite in half cells. (a) Galvanostatic

charge-discharge profiles at various C-rates; and (b) cycling performance at 50 C. (1C=120 mA g
1 1M NaPFs in PC with 2%FEC as electrolyte)
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Figure 4-17. Typical cyclic voltammetry curves of initial three scans at 0.1 mV st of NTP//NVP

full cell using copper as anode current collector in voltage range of 0.5-1.5 V. (1M NaPFs in PC
with 2%FEC as electrolyte)

Encouraged by the very good electrochemical performance of both NVP/C and NTP/C materials

in half cells, a sodium-ion full cell based on NVP/C cathode and NTP/C anode was constructed.

Benefiting from the high coulombic efficiencies of both cathode and anode, a presodiation step,

aggravating cell manufacturing, can be avoided.[2091 Figure 4-17 presents the CV curves of the
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NTP(Cu)//NVP full cell at scan rate of 0.1 mV s in the voltage range of 0.5-1.5 V. As shown, the
cell exhibits a pair of redox peaks centered at around 1.25 V, in good agreement with the potential
difference between NVP and NTP electrodes. At low scan rate the anodic and cathodic peak are
only separated by 0.1V, which can be attributed to the improved kinetics of the electrodes.
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Figure 4-18. Initial galvanostatic charge-discharge profiles of NTP//NVP full cell using copper
as anode current collector at various C-rates in voltage range of 0.5-1.5 V. (1C=120 mA g}, 1M
NaPFs in PC with 2%FEC as electrolyte)

The initial galvanostatic charge-discharge curves at different C-rates (Figure 4-18) are in
accordance with the CV results. At 0.5 C, the full cell can deliver a discharge capacity of 107 mAh
g (based on the weight of the cathode active material) with a high initial coulombic efficiency of
95%. Even at higher C-rates, the cell can still maintain stable charge-discharge plateaus with low
voltage hysteresis, enabling high energy efficiency for applications requiring high power. The rate
capability was tested as displayed in Figure 4-19a. Correspondingly, the cell delivers discharge
capacity of 107 and 85 mAh g at 0.5 and 20 C, respectively, and 99 mAh g1 when the current
density turns back to 5 C after the rate test, showing superior power capability and reversibility.
Figure 4-19b displays the cycling performance of the full cell at high rate of 20 C. After 5000
cycles, reversible capacity of 80 mAh g are achieved, corresponding to a capacity retention of
94%, indicating once again the very good high power performance and cycling stability of the full
cell. Moreover, the coulombic efficiency of the full cell is always close to 100% during cycling. The
outstanding power performance and long lifespan of the full cell reported here, makes it a very
interesting candidate for large-scale energy storage.
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Figure 4-19. Rate capability test (a), and (b) cycling performance at 20 C of NTP//NVP full cell
using copper as anode current collector. (1C=120 mA g, 1M NaPFs in PC with 2%FEC as
electrolyte)

As aluminum is available as a current collector in sodium cells, the cost could be further reduced
by replacing copper with aluminum as anode current collector. [14, 210] Therefore, NTP/C
composite was also casted on aluminum current collector and the impact on the NTP(Al)//NVP
full cell performance was investigated. Figure 20a displays the initial galvanostatic charge-
discharge profiles at different C-rates. All curves exhibit similar plateaus of NTP(Cu)/NTP full cell,
however, larger voltage hysteresis is observed at higher C-rate, which is in agreement with CV test.
At low rate of 0.5 C, an initial coulombic efficiency of 94.6% and discharge capacity of 104 mAh g-
! are obtained. At higher C-rates, the cell shows higher coulombic efficiency close to 100%. At
higher C-rate of 20 C, only 53 mAh g is maintained, lower than the copper one. To understand
the cycling stability of the cell, the long-term cycling performance at 5 C is depicted in Figure
20b. It can be seen that the NTP(AI)/NTP cell exhibits a high capacity retention of 94.3% after
1000 cycles with coulombic efficiency of ~100%. Thus, lower rate performance and cycling
stability is obtained in comparison to the cell with copper anode current collector, which can be
attributed to the poor stability and low electric conductivity of aluminum.
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Figure 4-20. (a) Initial galvanostatic charge-discharge profiles and (b) cycling performance at 5
C of NTP//NVP full cell using aluminum as anode current collector at various C-rates in voltage
range of 0.5-1.5 V. (1C=120 mA g, 1M NaPFs in PC with 2%FEC as electrolyte)

To further understand the impact of aluminum on the overall performance of full cell, the cyclic
voltammetry was performed. The CV curves of NTP//NVP full cells using copper and aluminum
are shown in Figure 4-21. As shown before, the NTP(Cu)//NVP full cell exhibits a voltage
hysteresis of 0.1 V at 0.1 mV s1. However, the NTP(AIl)//NVP full cell exhibits a single pair of
redox peaks (cathodic at 1.35 V and anodic at 1.18 V). The voltage hysteresis of 0.17 V is a bit larger
than the one using copper as anode current collector (~0.1V). All peaks overlap during the initial
three scan cycles, indicating the good reversibility of the full cell with aluminum anode current
collector at low current density. However, at a faster scan rate of 1.0 mV s, the redox peaks shift
asymmetrically, which it occurs at scan rate of 5.0 mV s-1 of the copper one. These results show
that the voltage hysteresis is much severer with aluminum than the copper at faster scan rate,
which will result in poor energy efficiency at high power.
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Figure 4-21. CV curves of NTP(Cu)//NVP (a) and NTP(Al)//NVP (b) full cells at various scan
rates. (1C=120 mA g, 1M NaPFs in PC with 2%FEC as electrolyte)

Electrochemical impedance spectroscopy (EIS) was performed to understand the performance
difference between aluminum anode current collector and copper. Figure 22 displays the
Nyquist plots collected on the full cells using copper and aluminum as anode current collectors at
open-circuit voltage (OCV) state and discharged state (0.5 V) after 100 cycles at 10 C, respectively.
The spectra consist of a semicircle associated to bulk resistance (R;, high frequency intercept) and
the charge transfer resistance (Rct). At lower frequencies, a sloping line is observed that is
associated to Na*-ion diffusion.[?t. 2121 The cell with copper anode current collector shows no
increase on the charge-transfer resistance after 100 cycles at 10 C, while the one with aluminum
exhibits an increase from 5.0 Q to 10.1 Q. This behavior is probably due to the uncompleted
passivation of the aluminum electrode, which takes place at higher potentials via the generation
of F- from the PF¢- decomposition in turns leading to the formation of the very stable aluminum
oxyfluoride species. Such an incomplete passivation leads to the continuous increase of the
electrode resistance upon long-term cycling, which limits the power capability and cycling
stability of sodium-ion battery.
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Figure 4-22. (a) Nyquist plots obtained in NTP(Cu)//NVP full cell at OCV and after 100 cycles
at 10 C, and (b) Nyquist plots obtained in NTP(AI)//NVP full cell at OCV and after 100 cycles at
10 C. (1M NaPFs in PC with 2%FEC as electrolyte)

In a view of potential application for grid-scale energy storage, we evaluated the relations among
energy density, power density and energy efficiency of the full cells with copper or aluminum as
anode current collector. The Ragone plot (Figure 4-23a) was drawn considering the total weight
of NVP and NTP active materials. The specific energy of the NTP(Cu)//NVP cell is 67.1 Wh kg
and 47.5 Wh kg! at specific power of 37.0 W kg! and 1342.2 W kg?, respectively. The
NTP(AI)//NVP cell delivers comparable 63.5 Wh kg1 at low specific power of 36.6 W kg but only
27.0 Wh kgtat 1227.3 W kg. The relation between specific power and energy efficiency is shown
in Figure 4-23b. The cell with copper anode current collector exhibits higher energy efficiency
than the aluminum one at both low and high power conditions. Specifically, at low specific power
of 37 W kg and 74 W kg, the energy efficiencies of NTP(Cu)//NVP cell are 95.8% and 94.9%.
The cell still can maintain a high energy efficiency of 80% even at 1342.1 W kg*. In comparison,
only 69% of the energy efficiency is achieved with NTP(AI)//NVP cell at high specific power.
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Figure 4-23. (a) Ragone plot, and (b) comparison of energy efficiency and power density for

NTP(Cu)//NVP and NTP(AI)//NVP full cells. (1M NaPFs in PC with 2%FEC as electrolyte)

To investigate the availability of this NTP//NVP combination in aqueous environment, we test
the NTP//NVP cell in the 9.26m NaOTf aqueous “water-in-salt” electrolyte (WiSE), where the
stainless steel is used as current collector for both cathode and anode. As shown in Figure 4-24,
we can clearly see the cell can be charged to 105 mAh g1 with a flat plateau at around 1.2 V,
however, only capacity of 22 mAh g can be achieved over discharge. The cell only exhibits an
initial coulombic efficiency of 21% in WISE. This can be attributed to the dissolution of V-based

materials over electrochemical reaction in aqueous electrolyte. Therefore, the materials strategies
of double-carbon coating and electrolyte design have been adopted.

1.6

—WiSE0.2C

20 40 60 80 100
Specific capacity (mAh g")

120

Figure 4-24. Initial galvanostatic charge-discharge profiles of NTP//NVP full cell in 9.26m

NaOTF aqueous “water-in-salt” electrolyte (WiSE) in 0.5-1.5V at 0.2 C. (1 C=120 mA g}
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The double-carbon confined NasV2(PO4):@rGO@C composites were synthesized via sol-gel
method and solid state reaction. The XRD pattern is shown in Figure 4-25a. As seen, the
synthesized NazV2(PO.):@rGO@C composites are crystalized in well-defined rhombohedral
NASICON structure with R3c space group (PDF 01-078-7289). The morphology of these
composites is presented in Figure 4-25b. From the SEM image, we can see that the composites
are in irregular shape, and the large piece of reduced graphene oxide (rGO) sheets cover on the
surface of NVP particles. The formed double-carbon confined structure would be beneficial for
the active materials stability in the presence of water electrolyte. The carbon content in
NasV2(PO.):@rGO@C composites is about 9 wt% with ~5 wt% of rGO.
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Figure 4-25. Powder XRD pattern (a) and (b) SEM images of NasV2(PO.);@rGO@C composites.

To enable the stable operation of NTP//NVP prototype in aqueous environment, the hybrid
electrolyte was prepared by mixing the same weights of 7 m (molality) NaOTf in water with 8 m
NaOTF in PC. This hybrid electrolyte delivers a wide electrochemical stability window up to 2.8
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V, from -1.25 to 1.55 V vs. Ag/AgClkc at 20 °C on stainless steel (Figure 4-26). A higher
concentration is required to widen the electrochemical window of sodium solution due to the
lower charge density of Na* inducing the weaker interaction with solvent. Compared to the
reported 9.26 m NaOTf WISE,[178] the electrochemical stability is a bit more improved, which can
be preliminarily attributed to the mixing of PC organic solvent. Moreover, the typical cyclic
voltammograms of NTP and NVP electrodes on stainless steel are presented within the
electrochemical window, showing a ~1.2 V output.[167]
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Figure 4-26. Electrochemical stability of aqueous/nonaqueous hybrid electrolyte based on
NaOTf on stainless steel evaluated using linear sweep voltammetry at a scan rate of 10 mV s
Typical cyclic voltammograms of NTP and NVP electrodes are presented within the
electrochemical window.

Figure 4-27a displays the temperature-dependent conductivity of agueous/nonaqueous hybrid
electrolyte. The conductivity strongly depends on the operating temperature, which decreases
from ~60 at 55 °C to ~25 mS cm at 20 °C. Moreover, this electrolyte still remains a conductivity
of ~5.0 mS cm! at such low temperature of —15 °C, comparable to that of nonaqueous electrolyte
(4.0 mS cm-1). To probe the solution structure, Raman spectroscopy was performed as shown in
Figure 4-27b. The change of SO stretching band (1010-1060 cm-1) was used to evaluate the salt

aggregation behavior of NaOTf.['78] In concentrated aqueous/nonaqueous hybrid electrolyte, the
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largest blueshift demonstrates the increased contact ion pairs/aggregated cation—anion pairs
compared to low concentrated solution and WISE. This intensified cation-anion association is
beneficial for the formation of an interphase that stabilizes water molecules against the reducing
surfaces of the electrode materials.['78. 211]
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Figure 4-27. (a) Temperature-dependent conductivities, and (b) Raman spectra in the
wavenumber region corresponding to the SOs stretching modes of agueous/nonaqueous hybrid

electrolyte.

A full sodium-ion cell using a NasV2(PO4):@rGO@C cathode and a NaTi2(PO4)3/C anode was
assembled to evaluate the viability of aqueous/nonaqueous hybrid NaOTF electrolyte. The cyclic
voltammogram of NTP//NVP cell at 0.1 mV st in Figure 4-28a exhibits anodic and cathodic
peaks at 1.4 V and 1.1 V with a voltage hysteresis of 0.3 V. During 2" scan, there is no increased
polarization observed. The galvanostatic charge/discharge profiles at different rates are presented
in Figure 4-28b. The initial charge and discharge capacities are 115 and 91 mAh g1, with an
initial coulombic efficiency of 79%. An energy density of 45 Wh kg-! was thus delivered based on
the total electrode mass. However, the cell only exhibits an initial coulombic efficiency of 21% in
WISE.
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Figure 4-28. CV curves (a) and galvanostatic charge-discharge profiles (b) at various C-rates of
NTP//NVP full cell in agueous/nonaqueous hybrid electrolyte. (scan rate: 0.1 mV s, voltage
range: 0.5-1.5V)

Figure 4-29 depicts the C-rate and cycling performance of the full cell, where the capacity drops
from 65 to 22 mAh g, when increasing from 1 C to 10 C, but in the subsequent cycles the
coulombic efficiency reaches to 99.8%. The initial irreversible processes apparently diminish and
eventually disappear, which is a typical behavior of SEI formation and subsequently
stabilization.['771 Moreover, the cell underwent 100 cycles at 10 C (1.2 A g-!) without any capacity
decay, indicating the superior reversibility of NVP and favorable suppression of electrolyte
decomposition on the anode surface.

The electrochemical impedance spectra were performed at OCV and 30 cycles (Figure 4-30).
The Nyquist plots show an increased charge transfer resistance after cycling, suggesting a
passivation layer is formed in this aqueous electrolyte which could be highly intriguing for the
stable operation of aqueous batteries.[211
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Figure 4-30. Nyquist plots of NTP//NVP full cell in the aqueous/nonaqueous hybrid electrolyte

at open-circuit voltage and after 30 cycles.

4.2.4 Conclusions

In summary, we synthesized the carbon coated NaszV2(PO.): (NVP) and NaTiz(POa4)s (NTP)

composites with porous structure via a scalable sol-gel method. The synthesis process is simple
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and feasible for large-scale production for both cathode and anode materials. With low carbon
contents in both the composites and electrode fabrication, the as-prepared NVP/C and NTP/C
materials exhibit excellent electrochemical performance with high power capability and cycling
stability. The NTP//NVP full cell using organic electrolyte constructed by the obtained materials
exhibits not only high power performance (85 mAh g at 2.4 A g based on cathode), ultralong
cycle life (94 % over 5000 cycles), and high energy efficiency (80%), but also simple
manufacturability and intriguing safety due to the high thermal stability of the phosphate-based
cathode and anode materials. These results demonstrate that the NTP//NVP configuration could
be used as high efficiency battery for grid-scale energy storage, as it offers both high power and
long lifetime. In addition, the cell still exhibits good performance if the copper anode current
collector is replaced with aluminum, although use of the latter leads to reduced power capability
and energy efficiency. To enable the high safety and low cost for large-scale energy storage,
aqueous sodium ion battery in the same configuration was investigated. We have demonstrated
the first use of an aqueous/nonaqueous hybrid electrolyte that provides a potential window up to
2.8 V. Meanwhile, acomposite of double-carbon confined NazV2(PO4);@rGO@C was synthesized.
It enables the stable and reversible operation of a sodium-ion battery using NasV2(PO4)s cathode
and NaTi2(PO4)3 anode. The widened stability window ensures further improved cell voltage and
consequently the energy density by using higher voltage cathode materials. This electrolyte
expands an avenue for exploration of sodium-ion battery with high safety and electrochemical
stability.
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Chapter 5

Summary and Outlook

The target of this thesis is the investigation and exploration of polyanionic cathode materials for
application in sodium-ion batteries (SIBs), enabling the realization of low cost, safe, long lasting
and high energy density lab scale battery prototypes for large-scale stationary energy storage
application.

In this thesis, both novel materials development and optimization of already proposed promising
materials have been conducted. In the latter case, attention has been focused toward a better
understanding of the structure-function correlation linked with the sodium ions diffusion in
NazV2(POa)s. Aiming at the improvement of the electrochemical performance, mainly in terms of
rate capability, a strategy combining the implementation of carbon composite materials with
nitrogen doped carbon coating has been developed. The nitrogen-doping induced defects improve
the sodium ions diffusion, while the morphology of carbon matrices strongly affects the sodium
storage capability. The resultant materials exhibit highly improved rate capability and cycling
stability, due to the enhanced electronic conductivity and facilitated charge transfer. However,
further progresses on the materials should be attempted to improve the energy density, such as

increasing the specific capacity and working voltage.

In an attempt to improve the energy density of cathode materials, an explorative research of novel
high voltage polyanionic materials has been undertaken. New mixed polyanionic compounds,
such as NasNiz(PO4)2(P20y7), and innovative polyanionic frameworks, such as NasV(POs)sN, were
successfully synthesized in pure crystalline phases. The feasibility of the sodium storage
mechanism in the new materials has been proven for the first time. The work represents a
promising step forward the design of new cathode materials characterized by high operating
voltage enabled by a rational tuning of the transition metals and polyanionic groups. Despite the
promising results, it is worth mentioning that the reversible capacity and cycling stability still
need to be improved to fill the gap between theoretical and practical capacities.

In line with the low cost and environmental friendly philosophy of SIBs, efforts were devoted to
the design of full cell prototypes. Two sodium-ion cell prototypes, i.e. NaVTi(PO4)s//
Na>VTi(POs)s and NaTi2(POas)s//NasV2(PO4)3, have been designed and employed in both
conventional organic and aqueous electrolytes. By using organic electrolyte, the sodium-ion cells

delivered superior cycling stability and energy efficiency, which are very interesting properties in
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view of their implementation in stationary energy storage systems. In addition, the aqueous
sodium-ion cells employing polyanionic electrodes were successfully fabricated and the use of
highly concentrated electrolytes enabled a relatively stable cycling performance. However, further
improvements in power and energy density are still required. In this regard, the main challenges
reside in the increase of the electrochemical stability window of aqueous electrolytes and
degradation resistant cathode materials.

The work in this thesis demonstrates that the sodium-ion technology has the potential to fulfill
the requirements needed by stationary energy storage applications. SIBs represent the next-
generation power sources of choice and in agreement with the market diversification, they might
be considered as a complimentary to and competing technology to LIBs. The conducted research
represents a step forward in the development of low cost and environmentally friendly materials
as well as high performance cathode materials characterized by high operating voltage and
improved rate capability. Further studies and research are required for the development of the
sodium-based technology. However, taking into account the increased interest on low cost and
environmentally friendly energy storage systems, it is believed that great advancement in the near

future years will lead to a fast commercialization of sodium cell prototypes.
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6 Appendix

6.1 Abbreviations

BET Brunauer—Emmett—Teller

Ccv Cyclic voltammetry

CNT Carbon nanotube

CHN Carbon, hydrogen, nitrogen

DEC Diethyl carbonate

DOD Depth of discharge

EV Electric vehicle

EMF Electromotive force

EDX Energy-dispersive X-ray spectroscopy
EIS Electrochemical Impedance Spectroscopy
EC Ethylene carbonate

FEC Fluoroethylene carbonate

GOF Goodness of fit

GCD Galvanostatic charge-discharge
HOMO Highest occupied molecular orbital
KB Ketjen black

LUMO Lowest unoccupied molecular orbital
LIB Lithium-ion battery

NASICON Sodium super ionic conductor

NaFSI Sodium bis(fluorosulfonyl)imide
NaTFSI Sodium bis(trifluoromethanesulfonyl)imide
NC Nitrogen-doped carbon

NMP N-Methyl-2-pyrrolidone

NVP Sodium vanadium phosphate

NVTP Sodium vanadium titanium phosphate
NaOTF Sodium trifluoromethanesulfonate
NTP Sodium titanium phosphate

ocv Open-circuit voltage

PB Prussian blue

PC Propylene carbonate

Py13FSI N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide
PVDF Polyvinylidenefluoride

rGO Reduced graphene oxide

SEI Solid-electrolyte interphase

SEM Scanning electron microscopy

SHE Standard hydrogen electrode

TEM Transmission electron microscopy
TGA Thermogravimetric analysis

XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction

WISE Water-in-salt electrolyte
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6.4 Appendix 1 contains the supporting information for Chapter 2.
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Figure S2-1. (a, c, e) CV curves of NVP/ONC, NVP/6.7NC and NVP/10.8NC at various scan
rates; (b, d, f) peak current (I, A cm-2) vs. square root of scan rate (v2, V2 s-1/2) gand related
linear fit corresponding to the V3+/4* redox processes.
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6.5 Appendix 2 contains the supporting information for Chapter 3.

Table S3-1. Crystallographic data of NasNiz(PO4)2P-0.

Value

Chemical formula

Crystal System, space group

R-Bragg
Cell Mass

Cell Volume (A3)

Crystal Density (g cm-3)

Temperature

Lattice parameters

a, b, c(A)

Rwp

Rp

GOF
Radiation type

NasNi3(POa4).P-07
Orthorhombic, Pn2;a
5.44%

2527.6

1216.92(3)

3.4490(1)

~298 K (ambient)

a = 18.0004(3), b = 6.4934(1), ¢ = 10.4114(2)
3.56%

2.67%

1.58

Cu Ke, A =1.541(8) A

Table S3-2. Atomic parameters for NasNiz(PO4)2P20.

Site X* y* z* Atom  Occ* Beg*
Nil 0.3377 0.138 0.5042 Ni2* 1 0.03
Ni2 0.1402 0.624 0.4886 Ni2* 1 0.03
Ni3 0.244  0.358 0.7469 Niz* 1 0.03
P1 0.295 0.618 0.502 ps+ 1 0.13
P2 0.1772  0.123  0.4918 B 1 0.13
P3 0.563 0.488 0.7382 ps+ 1 0.13
P4 0.4446 0.173  0.7323 PE 1 0.13
Nal 0.4923 0.822 0.984 Na* 1 1.1
Na2 0.2941 0.868 0.75 Na* 1 1.1
Na3 0.3949 0.459 0.2686 Na* 1 1.1
Na4 04681 0.695 0.5473 Na* 1 1.1
o1 0.2417 0.59 0.6136 0z 1 0.29
02 0.3563 0.439 0.4731 0% 1 0.29
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o3
o4
05
06
o7
o8
09
0O10
Oo11
012
013
014
015

0.3335
0.2414
0.2355
0.1258
0.2299
0.1352
0.4819
0.551
0.6225
0.5816
0.4558
0.3709
0.4915

0.814
0.649
0.138
-0.071
0.086
0.302
0.401
0.595
0.326
0.634
0.123
0.191
0.026

0.5351
0.3874
0.6097
0.5074
0.3848
0.4674
0.7019
0.876
0.7502
0.6339
0.8585
0.6882
0.6515

0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
02 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29
0z 1 0.29

* These parameters are fixed from the isostructural NasFe»(PO4)2(P-O-) with the replacement of

Fe by Ni atom.

Table S3-3. Crystallographic data of NazV(POs)sN.

Value
Chemical formula NasV(POs3)sN
Crystal System, space group Cubic, P2:3
R-Bragg 9.7%
Cell Mass 1483.3
Cell Volume (A3) 841.3(9)
Crystal Density (g cm3) 2.9307(3)

Temperature
Lattice parameters
a (A

Ruwp

Rp

GOF

Radiation type

~298 K (ambient)

9.440(1)

8.7"%

6.7%

1.41

Cu Ke, A =1.541(8) A
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Table S3-4. Atomic parameters for NazV(POs)sN.

Site X* y* z* Occ* Beg*

Nal -0.26140 0.73860 0.73860 Na* 1 0.0255

Na2 0.14230 0.64230 0.85770 Na* 1 0.0181

Na3 -0.05180 0.94820 0.94820 Na* 1 0.029

V1l 0.33070 0.83070 0.66930 V3 1 0.0109
P1 0.00415 0.83568 0.58270 Ps5+ 1 0.0092
N1 0.05150 0.94850 0.44850 N%* 1 0.0087
O1 -0.09860 0.72930 0.52000 O= 1 0.0154
02 0.13720 0.75680 0.62370 0% 1 0.0124

O3 -0.06150 0.91810 0.70020 0% 1 0.017

* These parameters are fixed from the isostructural NasTi(POs)sN with the replacement
of Ti by V atom.
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