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1 Abstract

Mainly due to potential cost advantages sodium-ion batteries have the potential to
become an alternative to lithium-ion batteries. In this work strategies to improve
cycling stability of the cathode material P2-Na,MnO; are presented. Cobalt-doping on
the order of 10% leads to a suppression of structural changes, resulting in improved
cyclability, and enhanced Nat diffusion kinetics. Moreover, capacity and cyclability can
be increased by an optimization of the morphology. A combination of both strategies

leads to a material with comparably best discharge capacity and cycling stability.

Natrium-lonen-Batterien gelten hauptsachlich aufgrund potenzieller Kostenvorteile als
mogliche Alternative zu Lithium-lonen-Batterien. Diese Arbeit beschreibt Strategien
zur Verbesserung der Zyklenstabilitit von P2-NayMnO, als Kathodenmaterial. Eine
~10%ige Cobalt-Substitution bewirkt eine Unterdriickung von Strukturumwandlungen
und eine Verbesserung der Nat-Diffusion. Des Weiteren kann die Kapazitdt und
Zyklenstabilitit durch eine Optimierung der Morphologie verbessert werden. Die
Kombination beider Strategien vereint die jeweiligen Vorteile und fiihrt zu einem

Material mit hoher Kapazitat und vergleichsweise bester Zyklenstabilitat.

This doctoral thesis is the cumulative integration of the scientific publications resulting
from my work as a research associate at TUM CREATE. After a brief overview of
different battery technologies, sodium-ion batteries are described in detail, followed by
a description of the main experimental methods employed in this work. Subsequently,
my four scientific publications, as well as one further publication in which my
contribution was crucial, are presented. The thesis is concluded with a discussion of

the presented results.
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2 Introduction

The aspiration to have access to energy in the form of electricity, independently of the
electrical grid, has sparked a variety of inventions and was the basis for several leaps
with regard to the development of novel technologies in the field of energy storage. The
dominant principle for portable energy storage devices is electrochemical energy
storage, for which batteries are the most prominent example. Here, energy is stored in
the active material of a battery, and energy, in the form of electricity is provided as a
result of electrochemical reactions within the cell (Figure 1). In the course of these
reactions, the active materials are reduced and oxidised, which means they take up or
release electrons. These electrons ‘transfer’ from one side of the battery to the other
side via an external circuit. Charge neutrality of the system is ensured by ionic charge
carrier in the electrolyte. While the electrons pass through this external circuit,
physical work is performed, and can be used to power a variety of devices. By
convention, the negative electrode is typically referred to as anode (oxidation during
discharge), and the positive electrode as cathode (reduction during discharge).
Naturally, the amount of energy that is stored in a battery is limited - when all redox-
active centres in the active material have reacted, the system cannot provide further
energy. Depending on the nature of the electrochemically active material, the battery
can either be restored to its charged state (secondary battery), or its material is
depleted and cannot be used anymore to provide electrical currents (primary battery).
In the following, the most prominent types of single use primary and rechargeable

secondary systems will be shortly portrayed.

2.1 Primary Battery Systems

Batteries that cannot be recharged are called primary batteries. The electrochemical
reactions taking place during discharge are either fully or partially irreversible, or the
provided energy to bring the system to its initial status cannot be provided by simply
applying an external voltage. To restore the materials to their initial states most of
them have to be recycled in an “external” chemical process, are incinerated or go into

landfill after hazardous constituents are either removed or contained.
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2.1.1 Zinc-Carbon (Zn-Mn) and Alkaline Battery (Zn-OH)1-4l

The working principle of the first historical primary battery, the Leclanché-element
(1866)15], is still the basis for Zn-Mn and Zn-OH batteries today. Together, they still
contribute the main share to the global battery community market (30.5% for Zn-Mn
and 60.3% for Zn-OH with respect to tonnes sold in 2006)3l. Both are widely used for
simple applications like radios, remote controls and other objects for which small
quantities of energy are sufficient. The alkaline battery, which was commercialised in
1949102, is often favoured over the Zn-Mn battery due to its higher capacity and

durability. The underlying chemical reactions in a Zn-OH battery are as follows:
Cathodic reaction

2MnO, + 2H,0 + 2e~ - 2MnOOH + 20H~ E®=0.12 Vvs. SHE
(SHE: Standard hydrogen electrode)

Anodic reaction

In+40H™ - [Zn(OH),)*™ + 2e~ Ec=-1.33 Vvs. SHE
Overall cell reaction

Zn + 2Mn0, + 2H,0 + 20H™ - [Zn(0OH),]*~ + 2MnOOH

Even though the calculated potential from these half-cell reactions, ie. the difference
between the cathodic and the anodic potential, gives a working potential of 1.45 V, the
actual potential of commercial batteries is ~1.6 V. This deviation is due to the fact that
the reactions shown above are only a simplification of the more complex cell chemistry.
Depending on concentration effects and the state of charge, further reactions can occur

which increase the potential of the cell.

2.1.2 Metal-Air Battery: Aluminium-Air Battery (Al-Air/03)[6-8]

Metal-air batteries are classified by the use of metal as an anode and the oxygen (which
is usually obtained from the air) as cathode. Metal-air batteries have always been a
desirable approach to increase energy density as the cathode material basically is the
oxygen taken from the air and could potentially save up to 65 % of the battery
weight.l91 Therefore, the energy densities achieved with a metal-air battery is one of the
highest discussed (For Al-O2: 1 - 2 kWh kg1) and can be easily several times higher
than a common lithium-ion battery technology, which is between 100 - 200 Wh kg-1.I5]

For comparison the theoretical energy density of gasoline is 13 kWh kgt
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(practical: 1.7 kWh kg-1). Li-Air, with a theoretical energy density of 12 kWh kg1 would
be the prime candidate of the metal - air batteries to replace gasoline.[810 However,
due to many challenges in the design and chemistry, no viable prototype is available as
of now. Whereas Al-Air systems on the other hand is a serious candidate to compete
with fossil-fuel based combustion engines, with a theoretical voltage 2.75 V and
theoretical energy density of the Al reaction of 8.1 kWh kg1 and a practical achievable
energy density of the battery of 1.3 kWh kgt (2 kWh kg1 projected).[6101 Although the
standard potential of Li (-3.04 V vs. SHE)(11l is much lower than Al (-1.68 V vs. SHE) the
ability to transfer three electrons by a smaller atomic/ionic radius gives aluminium the
advantage of the higher charge density over lithium. The first Al-O; system was
demonstrated in the 1960°s by Zaromb and Trevethan.[”l Main disadvantages are that
the battery is non-rechargeable - therefore a primary battery and that high self-
discharge occurs due to anode corrosion. Nevertheless, it was shown in literature that
with a proper recycling chain the life-cycle cost could potentially be limited to only
114% than that of internal combustion engines.[”l Therefore, owing to the low cost of
the used materials, environmentally benignity of all components and the recyclable
products, this technology is considered promising. The underlying chemical reaction in

an alkaline solution is as follows:
Cathodic reaction

0, + 2H,0 + 4e™ - 40H" E0=0.4Vvs. SHE

Anodic reaction

Al + 30H™ - Al(OH); + 3e~ E0 = -2.35 V vs. SHE

Overall cell reaction

4Al + 30, + 6H,0 — 4AI(0OH),

The theoretical voltage from this reaction is 2.75 V. However, practically the cell
operates at potentials of 1.2 - 1.6 V.I7] This is due to layers of aluminium oxide on the
electrode, which results in an internal resistance and causes a delay in reaching a
steady voltage. In addition corrosion of the aluminium leads to the incomplete
utilisation of the metal and evolution of hydrogen. Various approaches to address these
two issues, the electrolyte and the anode metal are investigated. Using aluminium
alloys with small amounts (50 - 1000 ppm) of e.g. magnesium, calcium, zinc, tin,

indium and gallium has been shown to supress the oxide layer formation and hinder
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the corrosion mechanism (so-called activation).”81 The electrolytes are typically
aqueous alkaline solutions. Saline solutions are also used, with the anode discharge
reaction in saline lowered to E0 = -1.66 V.I7] Both electrolytes have been tested with
various additives including metal oxides (CaO, ZnO, to Na,Sn03) and salts like CaCl,,
sodium citrate for alkalines; phosphate, sulphate, fluoride and organic salt additives for

brine solutions.[7.8]

Given the high energy and the low volume requirement of the battery, the Al-air system
has found its way into several applications which require a long lasting energy supply
and a light weight device. Thus, it can be encountered in military applications, such as
field-portable batteries for remote applications. It is mostly transported in a ‘dry state’,
and the aqueous solution is only added on demand. It can also be mechanically
recharged, by adding new aluminium metal sheets and water to the system. Most of the
batteries on the market are designed as reserve batteries. Underwater vehicles or
space application have been using this technology as well, taking the oxygen from
pressurised tanks or cryogenic oxygen, respectively.[”81 In 2014 the technology
received renewed attention due to a press releases by the Phinergy and Alcoa
company, claiming a range of 1000 miles (~1600 km) for electric vehicles with a
100 kg battery.[12] a fifth of the battery weight installed in a Tesla Type S and a range

extension by a factor of 4.

2.2 Secondary Battery Systems

In contrast to primary systems, batteries that can be recharged are coined secondary
batteries. In secondary batteries, the chemical reactions of the active materials during
discharge can be reversed by applying an electrical current from an external source.
Thus, previously oxidised materials are reduced, and previously reduced materials are
oxidised. Hence, the energy is ‘fed’ back into the system (neglecting losses as a
consequence of parasitic side reactions etc.) so that the battery can be used again to
provide electric charge. However, the electrodes that are involved in this process act
not only as a mediator for charge transfer as they are in fuel cells, but undergo
chemical reactions. As a consequence, they tend to degrade over time, which limits the
cycle number (Ze. number of charge-discharge reactions) for which they can be used.
This is one reason for research on different types of materials. Table 1 gives an
overview of the most important battery chemistries. In the following chapters, the

most prominent examples are briefly outlined.
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Battery Energy

. . density
Discharge cell reaction
() ) 8 /
Wh kg1
Acidic Aqueous Solution
Alkaline Aqueous Solutions
NiOOH cd 2NiOOH + 2H,0 + Cd — 2Ni(OH), + Cd(OH), 217
NiOOH Fe 2NiOOH + 2H,0 + Fe — 2Ni(OH), + Fe(OH), 267
NiOOH 7n 2NiOOH + 2H,0 + Zn - 2Ni(OH), + Zn(OH), 341
NiOOH Ho 2NiOOH + H, — 2Ni(OH), 387
MnO; Zn 2Mn0; + H,0 - 2Ni(0H), 317
0, Al 4Al + 6H,0 + 30, — 4AI(OH); 2815
0, Fe 2Fe 4+ 2H,0 + 0, — 2Fe(OH), 764
0, 7n 27Zn + 2H,0 + 0, - 2Zn(0H), 888
Flow
Br; 7n 27n + Bry - ZnBr, 436
Cl, 7n 2Zn + Cl; = ZnCl, 833
(V02)2804 VSO4 (V02)2804, + ZHVSO4 + 2H2504 g 2V0804 + VZ (504)3 + 2H20 114
Molten Salt
S Na 2Na + 3S — Na,S;3 760
NiCl, Na 2Na + NiCl, - 2NaCl + Ni 790
FeS: LiAl 4LiAl + FeS,; — 2Li,S + 4Al + Fe 650
Organic Lithium Solution
LiCoO, Li-C Li(y +x)Cq + Li(1 — (y — x)C00; = LiyCs + Li(1 — y)Co0, 320*

Table 1. Overview of different battery chemistries and their theoretical energy density.[13]
(*Calculated for a maximum of x = 0.5; y = 0)

2.2.1 Lead-Acid Battery (Pb-Acid)[1415]

The lead-acid battery, which was developed in 1859 by Gaston Planté, was the first
rechargeable battery and is the oldest system for electrochemical energy storage that is
still used commercially.l!4l The basic electrochemical reactions of this battery type

during discharge are as follows:[15]
Cathodic reaction

Pb02+H2504+2H++23_ d PbSO4+2H20 E0=1.6 Vvs. SHE

Anodic reaction

Pb + H,S0, - PbSO, + 2H* + 2e~ E0=-0.3 V vs. SHE

Overall cell reaction

Pb + Pb0, — 2PbS0, + 2H,0
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[ts advantages are availability of raw materials and low cost. Thus, this technology is
still being used for a wide range of applications, such as uninterruptible power sources
(UPS-devices), starting/lighting/ignition power sources (e.g. a car battery), or for
large-scale grid storage systems (10 MW /40 MW h).[14] [ts inherent disadvantages are
mainly based on concerns regarding toxicity of the materials that are used, namely lead
and H»SO0s. However, to alleviate these concerns, a reliable recycling chain is
established that achieves recycling rates of up to 98%.[141 The main disadvantage in
terms of performance is capacity loss over time, which is due to parasitic reactions like
degassing (02 / H2 evolution on the positive / negative electrode), corrosion, or, most
importantly, the so-called sulfation. Sulfation describes the formation of a layer of large
grains of PbSO. on the electrode surface, which effectively blocks the electrode,
reduces the amount of active material and leads to a loss of contact. Current research
successfully addresses this problem by incorporating carbon into the negative
electrode, which improves both stability and capacity. Mechanistically, it is believed
that carbon additives improve conductivity, inhibit the growth of large PbSO,4 crystals,
facilitate electrolyte diffusion, and add a capacitive component which effectively

transforms the battery into a hybrid device, leading to an increase in capacity.

2.2.2 Rechargeable Alkaline Battery: Nickel-Metal Hydride (Ni-MH)
Batteryl16-21]

Even though Ni-Cd batteries were developed much earlier than Ni-MH batteries, the
latter have dominated the automotive sector since the 1990’s due to their good trade-
off between performance characteristics, such as capacity, power density or cycle life,
better environmental tolerance, and cost. The metal hydride anode consists of a metal
alloy mix with a huge hydrogen storage capability. A commonly used alloy is of the ABs
- type where the A is a hydride forming rare earth metal (e.g. La, Ce, Nb, Pr) and B a
non-hydrate forming alloy basis — mostly Nickel with dopants of e.g. Co, Al, Sn and Mn.
The hydrogen storage capability of such an alloy is up to 5.5 H/ABs.[2021] Ni-MH
batteries were developed with the intention of replacing the toxic Cd in Ni-Cd batteries
with hydrogen; the storage mechanism is similar. In addition to decreasing toxicity, a
better cycle life and higher specific capacity were achieved. The chemical reactions

within a Ni-MH cell during discharge are as follows:
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Cathodic reaction

NiOOH + H,0 + e~ - Ni(OH), + OH™ E0=0.49 V vs. SHE

Anodic reaction

MH+OH™ > M+ H,0 + e~ E0=-0.83 Vvs. SHE

Overall cell reaction

NiOOH + MH - (OH), + M

Particularly for hybrid electric vehicles, the Ni-MH-technology dominates over LIBs,
Pb-acid and Ni-Cd chemistries, owing to its advantages in cycle life and safety. The
mechanism of storing and releasing energy is based on shuffling OH-ions between a
metal hydride (MH) and a NiO(OH) electrode. This working principle enables high
power densities, eliminates the risk of dendrite formation, and provides a natural
safeguard against over-(dis-)charging by recombining accruing O, and H; to H,0 within
the cell.17.18] Even though the cell voltage is only 1.32 V, Ni-MH-batteries are still
considered to be a cheap and reliable option for electrochemical energy storage, based
on their high energy density (350 Wh 11 / 95 W h kg1), inexpensive electronic controls
and low maintenance requirements.[?2l Their main disadvantages are corrosion
processes and degradation of MH - alloy particles on the negative electrode. Moreover,

the rate of self-discharge is rather high compared to other battery chemistries.[1619]

2.2.3 Insertion-Type Battery with Organic Electrolytels.11.23-25]

Insertion type batteries are based on the movement of a charge carrier in an organic
electrolyte between two electrodes, i.e. the cathode and anode and the insertion of the
redox active host structure. By using an organic instead of an aqueous electrolyte
higher voltages can be achieved leading to a higher energy density. The most
prominent examples for this class of energy storage devices are lithium-ion batteries
(LIBs) and sodium-ion batteries (NIBs). Due to their light weight, high energy density
and proven performance LIBs are the technology of choice for a variety of applications,
such as portable consumer electronics, or batteries for electric vehicles. The first
commercial LIB consists of LiCoO; as the cathode and graphite as the anode material.

The chemical reaction during discharge is as follows:
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Cathodic reaction

Li,,_1,,C00, +3xLi* +-xe™ > LiCo0,  |0sxs1  E0=38-42Vvs.Li
2
(~1 Vvs. SHE)

Anodic reaction

Lix)Ce = Co + xLit + xe” |[0sx<1 E0=~0.2Vvs. Li
(~-2.8 Vvs. SHE)

Overall cell reaction

2Li C00, + Liy)Cg = 2LiC00, + Cg |0<x<1

(1-3%)
The advantage of LIBs over, for example, Ni-MH is that Li is the lightest and smallest of
all metals and has a high thermodynamic potential. Therefore, Li-based batteries can
provide a practical cell voltage of 3.6 V and gravimetric energy densities which are
roughly twice the value of Ni-MH or Ni-Cd battery. Disadvantages of LIBs are the cost,
the impeded performance at low temperature; the aging processes during storage and
the fragility of the system ie the potential safety risks. In commercial batteries,
graphite is used for most anode materials, and layered oxides as cathode. The
electrolyte is typically carbonate based, i.e. various mixtures of ethylene carbonate,
dimethyl carbonate, diethyl carbonate, propylene carbonate, etc.. The conducting salt is
typically LiPFs. In the charged state, the graphite is filled with Li-ions up to a ratio of
LiCe, and crystal sites in the cathode are (partially) vacated. Upon discharge, Li-ions
vacate the graphite, accompanied by the release of an electron into the external circuit.
Li-ions migrates through the electrolyte and separator to the cathode, where it is
incorporated into the crystal structure of the cathode material. Concurrently, the
electron in the outer circle also migrates to the cathode, performs work, and finally
reduces the redox active centre in the cathode material, e.g. Co in LiCoO>. This process
can continue until either the graphite side is totally vacated of Li-ions, or every crystal
structure site in the layered oxide is occupied. Ideally, the mass loading of anode and
cathode, i.e. graphite and layered oxide are balanced such that the respective absolute
capacities match, with a slight anode excess to avoid Li-dendrite formation. The
incorporation of Li-ions into the crystal structure is reversible, so by applying an
external current, the redox centre on the cathode side is oxidised again, and Li+ vacates

the crystal structure to migrate back to the graphite side.
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For the related insertion-type batteries — the NIBs, the (de-)insertion processes are
similar, even though the materials that are used as anode and cathode materials are
different. This insertion process is presented in Figure 1 below. The specific advantages

and disadvantages of Na-ion batteries will be elaborated on in the following chapter.

Charge Discharge
Anode

Discharge
|

I X
Current Current
collectar Electrolyte Separator collector

Figure 1. Schematic of an insertion type battery (cathode: NaxMnOz2[2¢] anode: NaeV1002s271). A prototype
of this full-cell configuration has been published by Hartung et. al..[27]

2.3 Sodium-Ion Battery

The working principle of NIBs is similar to that of LIBs (Figure 1). However, in contrast
to LIBs, NIBs do not yet have a commercial market (apart from some minor start-up
companies like Aquion and Faradion). After the first insertion-type materials were
investigated in the 1970’s,[2829] research focused on intercalation of Li-ions into a
variety of compounds, as Li-ion batteries promised higher gravimetric and volumetric
capacities due to the smaller mass and size of Li-ions as compared to Na-ions. In
addition, the standard electrode potential (i.e. the differential potential vs. SHE at
standard conditions) for sodium is 0.33 V higher as for lithium, which, theoretically
speaking, decreases the possibility to reach similar operating potentials for any NIB
compared to LIBs.['1l Therefore, a huge variety of Li-insertion materials were
discovered, synthesised, optimised and developed for commercial applications. With an

increasing number of potential applications, and as a consequence of increasing
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resource requirements, concern about the abundance, availability and price of Li-
resources have manifested. As a consequence, research interest in Na-based batteries
has increased tremendously in recent years, which is mirrored by the exponential

increase of publications on this topic (Figure 2).

400

300 -

200

Publications on NIB

100 -

0 —_—— —

1 | I ! I ! I ' 1
2000 2002 2004 2006 2008 2010 2012 2014

Publication year

Figure 2. Number of publications for the specific search term: “sodium ion batter*” in the Scopus database,
including truncation (*). # until date of search: 22.11.2015.

Sodium-resources, i.e. sodium-containing minerals or salts, are not only very abundant;
they are also spread out globally. Sodium is the 6th most common element in the earth’s
crust, with an abundance of 26,000 ppm - Li, in contrast, ranks as the 33rd most
common element, and its abundance is lower by a factor of ~1,000. [26] In addition, Na
constitutes 1.1% (by mass) of ocean waters, approximately 10,000 more than Li.[30]
Moreover, while sodium is found all around the globe, lithium resources are found
mainly in Chile, Bolivia and Argentina. Out of these three, Chile holds the majority of
mined output followed by Argentina; first large-scale mining operations in Bolivia are
on the way. However, Lithium-mining has been shown to have severe environmental

and social consequences.[31]

Even though Na* has the disadvantage of having a mass which is approximately three
times the mass of Li*, this does not linearly translate into lower gravimetric capacities
for NIBs. For commercial applications, the crucial factor is the ratio of absolute capacity
to the mass of the whole battery. As several other elements also contribute to the mass

of the active material, the negative influence of the mass of Na+* is reduced. LiCoO., for

11|Page



example, which is a well investigated and commercialised material for LIBs, has a
theoretical capacity of 274 mA h g1 in LIBs assuming full reduction of Co** to Co3+.[32]
The Na-analogue, NaCoO;, which has the same crystal structure, has a theoretical
capacity of 235 mA h gt for Na*-insertion, based on the same premise of a
1-e-transfer for the Co-ion.[32I Thus, capacity of the electrode material is reduced by
only 14%. This trend is similar for volumetric energy density. While the molar volume
of Na is 18 A3 larger than the atomic volume of Li (39.3 A3 as compared to 21.3 A3), the
difference in unit cell volume between LiCoO; and NaCoO; is only 5 A3 (37.3 A3 as
compared to 32.3 A3). Thus, differences in performance as a result of different ionic
radii and masses are negligible. In addition, sodium does not alloy with aluminium in
the lower voltage region as it is the case for lithium (0.25 - 0.0 V vs. Li).[33-37] Therefore,
Cu, which is typically used as current collector in NIBs, can be replaced with the lighter
and cheaper aluminium. Particularly, it is worth noting, that the comparison between
LiCoO2 and NaCoO; is based on a material which is not only employed in commercial
batteries, but has been researched and optimised for several decades. Other material
classes, whose structural and chemical characteristics deviate from the layered alkali
metal cobalt oxide, exhibit a better performance in NIBs than in LIBs.[38] In general, the
structural variety of Na-compounds is more diverse than of Li-compounds.i3%] Many
naturally occurring minerals are based on Na-containing structure, and therefore, a
significant amount of information on structural properties is readily available. The
large variety comes partially with the larger ionic radius which enhances the flexibility
of e.g. polyanionic and layered transition metal oxide materials.[3239 Even for the
ubiquitous LIB, certain electrode materials are synthesised via the Na-analogue as
precursor.[*0-421 The more stable Na-containing analogue is synthesised first, followed

by a subsequent ion exchange.

However, apart from structural variety, the larger ionic radius of Na-ions provides
some further inherent advantages. Viscosity is lower for Na-based electrolytes, and
therefore ionic conductivity of the charge carrier is enhanced, as shown by Kuratani et
al. for the case of propylene carbonate, which is also the basis of the electrolyte used in
this work, and y-butyrolactone.3] This is due to a stronger attraction of Li-ions to the
solvent molecules then Na-ions, leading to a larger cationic drifting volume. As a
consequence, kinetics of ion transport in the electrolyte is improved when switching
from Li- to Na-ions. This is particularly helpful for the rate capability of batteries, i.e.
the ability of the system to provide high current rates. This kinetic advantage is
substantiated by studies which show that, apart from enhanced transport

characteristics in the electrolyte, diffusion is also enhanced for some materials within
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the electrode. While Na*-transport is hindered, as compared to Li*-transport, in
materials with an olivine crystal structure, the diffusion barrier for Na-ions is lower in
the respective layered Co-oxide.38 In addition to the promising kinetics in the
electrolyte and in the electrode material, the charge transfer from the electrolyte to the
electrode has also been shown to be advantageous for Na-based materials. Okoshi et al.
showed that Na* has a smaller de-solvation energy than Li*.[44] In the electrolyte, the
charge carrier is coordinated by solvent molecules. Prior to insertion of the respective
Li- or Na-ion into the crystal structure the charge carrier needs to be de-solvated. This
de-solvation process can constitute a kinetic barrier, and depends on the strength of
the interaction between the respective ion and the solvent molecules.[44-46] Na* is a
weaker Lewis acid, than Li*, which suggests weaker adhesive interaction with the
solvent molecules. This has been confirmed by theoretical calculations for several
organic solvents, including carbonates.[*3] Thus, depending on the choice of suitable
materials, Na-ions have a kinetic advantage throughout the complete process of ion
transport in the electrolyte, ionic transfer from the electrolyte into the electrode

material, and diffusion within the electrode materials.

Although various suitable materials for both NIB anodes and cathodes have been
presented, a major challenge is still cycling stability. There are promising materials,
both for anodes and cathodes, in terms of capacity, potentials vs. Na|Na*, and cycling
stability. However, finding suitable combinations of the amount of Na in the system
(i.e. capacity), operating potential and stability, remains challenging, which calls for

further research into suitable materials for NIBs.

2.3.1 Cathode Materials for NIBs

As the materials presented in this work are cathode materials, a short overview on
other NIB cathodes reported in literature is given. The variety of cathode materials for
NIBs is immense, and ranges from polyanionic compounds like transition metal
phosphates or sulphides, organic polymer materials, Prussian blue analogues, to a
variety of transition metal oxides. In the following chapters some example cathode
materials are briefly portrayed. For a more in depth insight into the vast material pool

the interested reader is directed to some excellent review literature [32,36,47-50].

Polyanionic Compounds. Polyanionic compounds have gained prominence LIB
applications based on the success of the olivine LiFePO4 (LFP). Therefore, this material
class, comprising pyro-, carbo-, fluoro- or ‘normal’ phosphates and (fluoro-)sulphates
have been studied in NIBs as well. For example, the Na analogue to the famous LFP,

NaFePOQ4, has been studied.l51-531 In this stoichiometry the thermodynamically stable
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material allotrope is the maricite structure, which is a rather closed network and does
not allow proper Na* movements.[38] To employ the iron phosphate as NIB material an
anion exchange starting with the olivine type LiFePOs has been investigated.[51l

However, the rather strong volume change leads to poor kinetic behaviour.

Incorporation of F-anions into the phosphate structure, as in Na;FePO.F, a layered
structure was achieved with unexpected solid solution behaviour.54 Even though
Kinetic properties were enhanced, reported capacities are still rather low even at a
slow current rate. Incorporation of the strongly electronegative fluoride-ions is in
general a good strategy to elevate the potential for the redox active material. This
approach has been studied for various transition metal phosphate materials, like
NazFePO4F5455], Na15VPO4gF07561 or representatives of the NASICON (Na+ Super Ionic
Conductor) structure, e.g. NazV(PO4):F35758]. Although capacities are relatively low
and electronic conductivity is poor, due to the elevated potential the theoretically
obtainable energy density makes the materials attractive. Nanostructuring these
materials appears to be a promising approach to enhance electronic conductivity of

these materials and to extract their full potential.[59.60]

For sulphates, particularly Fe-based sulphates have shown one of the highest
electrochemical redox potential for NIBs (~3.8V), although only low capacities were
achieved (100 mA h g! at C-rate = C/20, 2.0 - 4.5 V; C-rated is defined under
Chapter 3.5.3).139.61,62]

Prussian Blue Analogues. In addition to phosphates and sulphates, various other
materials have been investigated as positive electrodes in NIBs. These materials
include different Prussian Blue analogues, which were first reported in 2012 by Lu et
al.1631 and can be subsumed under the formula (Naz.x)Ma[Mg(CNe)]1-yzH20.[3663-671 The
unique structure with its open framework provides the advantage of a relatively facile
cation insertion/extraction as compared to layered materials or polyanionic structures.
Up to now, most of the reports have shown a rather low capacity around ~100-120 mA
h g1 at slow C-rates. However, recently increased capacities were reported with an
Na;Mn2+[Mn2+(CN)s] material with a minimal amount of vacancy sites and an increased
amount of Mn?* in the synthesis process. The achieved performance was 209 mA h g1
at C/5 and 167 mA h g1 at 2C with a capacity retention of 75% after 100 cycles at an

average voltage of 2.65 V.[¢¢]

14|Page



Oxide Compounds. Furthermore, a variety of oxides has been reported. Vanadium, for
example, is known to have several stable oxidation states, and is therefore used in an
oxide form to obtain high capacity materials. Orthorhombic V;0s for example spurred
attraction as a Nat+ host material in the 1980's, but showed low initial coulombic
efficiencies and only moderate stability.[68691 A challenge for these materials is the
rather low capacity retention over the course of cycling. This is attributed to the large
amount of intercalated sodium which causes increased strain on the mostly layered
structure.l70.711 A recent approach was to form a rather amorphous V05 layer a nickel
foil via electrodeposition in order to increase the layer distance and thus enhance
cyclability.[’1l Several ternary alkali metal vanadium oxides have been reported as well,
where the alkali metal often serves as both, a structural stabilisation ion between the
layers and (partially) as source of the charge carrier ion.[’2-75] Even though high
capacities were achieved, cycling stability was insufficient. Moreover, the intrinsic

problem of the vanadium based material is the high toxicity of the V5+.

Layered Oxides. One of the most promising material classes is layered oxides with the
chemical composition NayMeOz., (Me: transition metal). A huge variety of transition
metals have been incorporated into this structure, including Mn, Co, Fe, Ni, Mg, V, Ti,
Cr.[76-78] Even though compositional variety is immense, basic structural characteristics
are similar. MOs-octahedra form layers, which are separated by Na-ions. In general, this
material class consists of several subgroups, which are defined on the basis of the
coordination of the Na* between the layers. In addition to differences in the
coordination of Na*, the MOs layers can also be stacked differently. This is considered
by incorporating the number of layers that needs to be included in the respective unit
cell into the structural denomination (Figure 3). This classification was introduced by
Delmas et al. in 1980.178] In 03-type materials, for example, Na-ions between the layers
are coordinated octahedrally and the unit cell consists of three MO¢-layeres, whereas in
P2-type materials, two MOg¢-layers and Na+* with a prismatic coordination make up the
unit cell (see Figure 3). The Na-ions on triangular prismatic sites can again be
classified. If the triangles of the prism are formed by faces or edges of the MOs-
octahedra, Na* is denoted as Nar or Nae, respectively (f = face-sharing, e = edge-
sharing).l”] The large Na-ions stabilise the prismatic sites in the structure; upon charge
(i.e. Na*-de-insertion) the MOy - layers glide within the c-plane so that octahedral sites

are formed. Thus, the P2 structure is transformed into the 02 structure during cycling.
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However, a change from the P3/03-phase to the P2 phase is not possible during
reversible Na-(de-)insertion, because bonds between the transition metal and the
oxygen need to be broken and reformed.80] The NIB cathode materials presented in

this work all belong to the class of P2-type layered oxides.
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Figure 3. Schematic illustration of the different stacking types for MOs octahedra (grey). Orange spheres
correspond to sodium atoms, red to oxygen atoms. For reasons of clarity only the Nae are indicated.

Early research on Na*-insertion into this material class dates back to 1980’s, when the
group of Delmas and Hagenmuller reported on the electrochemical insertion of Na+*
into NayCoOgz; studies on NaMnO; followed in 1985.77.7881-84] [nitially, these
compounds were mainly used as precursor for 02 Li*-insertion compounds, which
were synthesised by ion exchange.[*0-42] P2-type materials have not been found among
layered Li-intercalation compounds, as the lithium and transition metal ions are too
small to form the trigonal prismatic sites between the MOx-layers. Moreover, unlike for
LixMnO, in LIBs, a transition from the layered to the spinel structure is
thermodynamically and kinetically disfavoured for Na,MnO,. Especially in recent years,
when research on NIBs gained momentum, a tremendous compositional variety of
layered transition metal oxides has been investigated. However, probably due to
structural reasons, all of them contain either Mn, Co, or Ti as oxide.[’880] This is

attributed to difficulties in obtaining the P2 phase with tetravalent ions. Due to initial
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Na-deficiency in the P2-NapesMeO: structure, transition metal ions with higher
oxidation states are possible; however, they typically exhibit low capacities and
operating potentials as in the case of P2-Naz;3C02,3Mn1/302.1851 Thus, identifying
suitable transition metal oxides and optimising their respective metal ratios is crucial
in advancing this material class. Very recent research has focussed on incorporating
several transition metals into one structure to combine the respective advantages of
the individual constituents. Mn, for example, is chosen due to its high abundance and
low price as well as its redox activity in an adequate voltage region. Moreover, it
combines high capacities of up to 190 mA h g1 with an acceptable cycling stability. Ni
contributes a redox centre at high potentials; above 4.0 V vs. Na|Na+*. However, capacity
is reduced to approximately 140 mA h g1 (2.3 - 4.5V, at C/100), and cycling stability
suffers as well.[798086] Promising results have been obtained by incorporating Fe into
the structure, for example in P2-Nay;3[Fe1/2Mn1,2]0,[3587.88]1 Capacity is increased, as
compared to Ni-substitution, to 190 mA h gt (1.5 - 4.2 V, at 13 mA g1). Average
potential, however, is lowered to 2.75 V vs. Na|Na+. Still, the resulting energy densities
exceed those of some commercial LIB cathode materials. In addition, Fe suppresses
Na+-ordering processes in the Na-layers during (de-)insertion, which has a positive
effect on cycling stability, even though it is still far from being sufficient for commercial
applications. Mg is another metal whose effect has been tested in this structure. Even
though it increases cycling stability, capacity is reduced. Several studies on
incorporating Mg into the P2-NaMeO; have demonstrated that the ratio between Mg
and the baseline atom, which is mostly Mn, plays an important role in achieving a good
compromise between capacity and cycling stability. [89-911 In general, increasing the Mg-

content increases cycling stability, but decreases capacity.

Naturally, based on findings obtained by combining two transition metals, approaches
to combine more than two transition metals in one structure have been presented
recently, and proven rather successful. For example, P2-NagsNig23Feo13Mno30z,
delivers capacities of approximately 200 mA h g1 (15 mA g-1), with a capacity retention
of roughly 150 mA h g1 after 70 cycles. Probably due to polarisation effects, the
capacity gets reduced drastically to roughly 120 and 100 mA h gt at C-rates of 1 and
2C, respectively (1C £ 143 mA g1; calculation based on 0.5 Na+* per formula unit). The
authors assume that this could be addressed by a modification of the morphology.[9]
P2-NaxNio22€0011Mno 6602, in comparison, has an elevated average discharge potential
of 3.3 V when cycled between 4.3 - 2.1 V; capacity is lowered to 141 mA h g1

(15 mA g1), depending on the annealing temperature.
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At elevated C-rates of 1 and 2C (1C 2 123 mA g?; calculation based on 0.46 Na* per
formula unit) the capacity gets reduced to 98 and 88 mA h g1, respectively. After 150

cycles, 116 mA h g1 are retained.[93]

2.4 Improving P2-type NaxMnO: - Motivation and Approaches

As outlined in the introduction to Chapter 2, 2.2.3 and 2.3 the interest in
electrochemical energy storage has been growing in recent years, and lithium-ion
batteries have been at the centre of attention. However, in light of the prospect that an
increasing number of applications, such as portable consumer electronics, electric
vehicles, or stationary energy storage require electrochemical energy storage devices,
concerns about cost and availability of LIB materials have arisen. Besides the intrinsic
advantages of NIB described in Chapter 2.3, sodium is significantly more abundant than
lithium and Na-based resources have, as a consequence, an advantage in terms of cost.
This is one major reason why research on NIBs as an alternative to LIBs has been
intensified recently. It was explained that one of the most promising material classes is
layered sodium transition metal oxides, as they provide both adequate capacity and
stability (Chapter 2.3.1). However, cycling stability of these materials is still not
sufficient for commercial applications. Therefore, strategies to mitigate capacity fading
are needed, and, particularly, a thorough understanding of the effects of various

strategies is required.

The scope of this work was to investigate different approaches to address the low
cycling stability of the base material of this structural class, i.e. P2-NayMnO.., (x = 0.7,
z = 0.05 - 0.25) and to identify levers for improvements. Two successful strategies are
presented in this work. One approach is the incorporation of a low amount of cobalt
(~10%) into the host structure; the other is an optimisation of the morphology. Both
effects were investigated by applying various techniques. The doping strategy has been
shown to provide good results for layered materials in LIBs and was therefore recently
intensified on the P2 layered manganese oxides for NIB. The first approach
investigated here is in line with the recently reported strategies to incorporate other
transition metal ions into the host structure. The positive effect of a cobalt dopant
addition (~10%) was first investigated electrochemically. It was concluded that
sodium ordering processes between the oxide layers are supressed but the average
discharge voltage is not significantly affected (Chapter 4.1). Moreover, it was shown
that the cobalt enhances Na+* kinetics in the active material (Chapter 4.4). To

investigate structural effects, a new in operando X-ray diffraction (XRD)
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electrochemical cell was constructed (Chapter 4.3).The obtained data indicated a phase
change for the basic undoped manganese oxide material in a low voltage region. A lack
of this phase change for the cobalt doped manganese oxide was found in Chapter 4.4 in
synchrotron in operando XRD experiment. In combination with the suppression of the
Na+-ordering this elimination of structural heterogeneity is identified as the key aspect

for higher cycling stability.

The approach to modify the morphology of the active material presented in this work is
the first report in literature for the application of this strategy for layered sodium
manganese oxides (Chapter 4.2). The change from a flake-like to a spherical
morphology was achieved by a newly developed two-step synthesis approach. The
capacities achieved over the course of cycling are higher for the optimised morphology.
This is attributed to a better retention of morphological features as shown by scanning
electron microscopy It is concluded, based on synchrotron in operando XRD
measurements, that the main cause of this advantage seems to be lower volume
expansion during Na* insertion compared to the common flake-like morphology and
therefore a better accommodation of structural stress for the spheres (Chapter 4.4). A
combination of both strategies, Co-doping and morphological optimisation was
successfully implemented and proven to combine both effects in a superior material.
These insights pave the way for further improvement of cycling performance for this

material class.

The results of these investigations are presented in Chapter 4 after a description of the

methods employed in this work.
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3 Methods

The work described in the main part of this thesis comprises physical and
electrochemical characterisation of a variety of materials. Thus, various methods were
employed. In the following chapters, the most important methods for the completion of
this work are briefly portrayed. First, methods employed for physical characterisation
(X-ray diffraction, electron microscopy, inductively coupled plasma optical emission
spectrometry, energy-dispersive X-ray spectroscopy, X-ray fluorescence, viscosity,
thermogravimetric analysis) are explained, followed by electrochemical methods
(galvanostatic cycling, galvanostatic intermittent titration technique, voltammetry,

electrochemical impedance spectroscopy).

3.1 X-ray Diffraction[®4-102]

3.1.1 Working Principle

The technique of X-ray diffraction (XRD) might be the most applied method in material
science to investigate condensed matter. It is the method of choice to investigate the
structural properties of materials. This includes the detection of impurities (and their
respective ratio) in a compound, or identification of coexisting structural phases of the
same stoichiometry, such as distinguishing between rutile and anatase phase of TiO..
Furthermore XRD can provide information about the atomic size and bond-length in a
structure. The principle behind XRD is interference of an electromagnetic wave with
matter whose wavelength and size, respectively, have the same order of magnitude.
The wavelength of X-rays used for diffraction measurements are in the range of
Angstroms (10-1° m) which is roughly the size of the electron shell of an atom / ion or
the distance of the atomic planes in a crystal structure. Incident X-rays interfere
coherently with the electron shell of atoms along a periodic structural plane. As a
consequence of constructive interference occurring from diffracted X-rays from a
periodic array (ie. a crystal lattice), diffracted radiation intensifies at certain angles
according to Bragg’s Law (defined below in Equation 1), resulting in the signal, which is

commonly denoted as either a peak, reflex, or reflection.

As a polycrystalline material consists of a variety of several periodic arrays in the plane
of the measurement, this gives rise to multiple reflections. The entirety of these
reflections is called a XRD pattern.The arrangement of the periodic planes in a crystal

structure is unique for specific structures, so that the pattern can be used to identify
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the structure of a material. The underlying geometric relation (Figure 4) between

periodic planes and the interference phenomena is described in Bragg's law:
n-A=2d-sinf

Equation 1: (n = integer, A = X-ray wavelength, d = periodic plane distance, 8 = glancing angle [angle
between incident beam and reflecting crystallite planes])

wave front

\\ I’ d
° ° ° K's \ ° ° °
d sinf
° ° ° ¢ ° @ ®

Figure 4. Geometric relation of a crystal structure and incident X-rays.

The diffraction pattern of a solid material can be thought of as a fingerprint for a

specific structure, various structural characteristics can be deducted from it:

- The positions of the reflections, ie. the angle 6, gives information on the
crystallite lattice size and unit cell;

- The intensity ratios can give information on the exact position and elements in
the structure;

- The shape of the reflections can give some information on microstructural

properties (crystallite size, strain, etc.).

3.1.2 Laboratory X-ray Source

Different kinds of X-ray sources can be used to obtain a diffraction pattern. Depending
on the X-ray source, the energy and the wavelength of the X-ray beam is different. In
laboratory XRD instruments, a copper anode is often used as an X-ray source. In this
set-up, electrons are accelerated from a filament under vacuum towards the positively
charged copper target. Due to the interaction of the accelerated electrons with the
electron shell of the target atoms, the incident electrons are slowed down and Cu emits

energy in the form of X-rays. This so-called ‘Bremsstrahlung’ is usually a multiple event
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leading to a continuous spectrum (white X-rays). The smallest obtained wavelength
does thereby depend on the accelerating voltage and the total intensity is given by the

filament current.

If the energy of the accelerated electrons is high enough to elevate/eject electrons from
the inner electron shell of the target atom, an electron from an outer position will
occupy this vacancy, leading to a second superimposed characteristic radiation event

(Figure 5).

10 4 3d M, /Mg
3p M, /M
1024 I 2/M;
3s M,
=
[«B]
~
>
20
=
(3 5 ks
3] p 2
40 2s L,
. chZ Kal KB
o 1s - K

Figure 5. Generation of X-rays in a copper anode.

The energy of the emitted X-rays depends on the energy difference of involved
electronic levels within the respective X-ray source. With the help of a single-crystal
monochromator (e.g. Ge 111) most of the white X-rays and for a Copper target most of
the Kg radiation can be filtered out, and mainly the wavelength of K1 can be used for an

XRD investigation.
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3.1.3 Synchrotron as X-ray Source

In a synchrotron, a charged particle is accelerated to relativistic speeds along a curved
trajectory. As a consequence, electromagnetic radiation, the so-called synchrotron
radiation is emitted. The complete theory for synchrotron radiation was first described
by G. A. Schott in 1912. The principles behind synchrotron radiation are based on
Maxwell's equation for charged particle dynamics in electromagnetic fields, and the
theory of the Lorentz force describing particle dynamics in electromagnetic fields -
especially the dependence on the direction of the force with respect to the particle
direction. A detailed explanation can be found in literature, for example in
reference [101]. Synchrotron radiation consists of coherent, polarised photons of high
brilliance (common quality measure of X-ray sources) and can have a tuneable
wavelength. X-rays generated in a synchrotron are roughly 5-orders of magnitude
more intense than X-rays from common laboratory XRD source. Therefore sharp
signals with high signal-to-noise ration can be achieved. In addition, as the energy of
synchrotron X-rays are more intense the ability to penetrate through matter is much
higher than for common lab sources - measurements can be performed in transmission
mode. Thus, the behaviour of the bulk of the sample is probed, as opposed to reflection
mode, where only a few pum of material are probed. The obtained data is more

representative of the processes that occur in the material.

In this work XRD has been extensively employed as structural analysis tool for the
identification of newly synthesised materials. Moreover, using in operando XRD
measurements, it was possible to withdraw conclusions on intercalation mechanism of

the investigated materials.
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3.2 Electron Microscopy and Spectroscopic Methods(103-107]

Phenomena of interaction of electrons or X-rays with matter led to the development of
several applications. One of which is electron microscopy. Electron microscopy is able
to resolve features of particles or materials that cannot be resolved anymore by optical

microscopy. Figure 6 depicts the set-up of the different microscopy techniques.
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Figure 6. Set-up of an optical light microscope (LM), a transmission electron microscope (TEM), and a
scanning emission microscope (SEM). The indicated detectors are secondary electron (SE), energy
dispersive spectroscopy (EDS), back scattered electron (BSE) and a fluorescence screen.

Resolution, according to the classical Rayleigh criterion for light microscopy, is roughly
half of the used wavelength. As optical microscopy uses the visible spectrum of light
(~ 400 - 700 nm), it cannot resolve samples that are smaller than approximately
200 nm. As a consequence, for smaller particles, visible light is replaced with a flux of
electrons, as the wavelength of an electron is significantly smaller (due to the de-
Broglie relation) than the aforementioned wavelengths in the visible spectrum. The
electrons are directed towards the sample with magnetic lenses. This leads to different
interactions between electrons and sample, which results in a various signals which

can be used to give you information about the sample.
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Secondary electron (SE) Back scattered electron (BSE) X-ray fluorescence (in EDS)

Figure 7. Different ways of electron - matter interaction.

During elastic interaction, electrons interact with matter without transferring energy.
The incoming electrons interact with the positively charged nuclei of the sample, which
leads to a deviation from the initial trajectory. As the interaction is purely coulombic,
the deflected electrons still have the same energy which they had initially before the
interaction. The most extreme elastic interaction leads to a back scattered electron

(BSE, see Figure 7).

The main difference for the case of inelastic interaction is the transfer of energy
between electron and sample. The electron transfers part of its energy to the sample,
which can lead to the emission of radiation due to a variety of processes. These include
secondary electrons (SE), Auger electrons, X-rays (EDS/XRF), etc. This radiation can be

detected used for a variety of microscopy techniques.

The microscopy techniques employed in this work are scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Typically these devices include
energy dispersive X-ray spectroscopy (EDS) capabilities which were also employed in
this work. As the underlying phenomena for EDS and X-ray fluorescence (XRF) are

similar, all these techniques are briefly explained below.

3.2.1 Scanning Electron Microscopy

SEM is mainly based on inelastic interaction of electrons and matter. In this work, SEM
measurements were conducted mainly to give morphological and topographical
information about the samples. A beam of electrons is rastered over the surface and
upon interaction with the sample, the incoming electrons transfer energy to the
electron shell of the sample atoms; this leads to an emission of electrons from the

sample. These electrons are detected and an SEM image is created. For SEM,
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particularly electrons which occupy the valence or conduction band, i.e. slow secondary

electrons, are used for the generation of the signal.

In addition to the information generated from inelastically scattered electrons,
interaction based on elastic interaction can also provide valuable insights into material
properties. For elements with “high” atomic numbers, backscattering occurs more
frequent. This means that incident electrons are significantly deflected from their path,
so that they are scattered backwards and can also be used to generate an image. This is
often used to improve the contrast in a sample that consists of different elements.
Measuring in backscattering mode is particularly useful when the elements which are

present in the sample differ with regard to their atomic number.

SEM imaging was used as a very powerful technique to investigate morphological
character of active materials as an as prepared powder or even as a composite
electrode. Examining the specimen in various magnification levels, information on the

shape, the homogeneity, the granulometry and compactness can be gained.

3.2.2 Transmission Electron Microscopy

In TEM, the so-called direct beam is used for imaging. When the sample is irradiated
with electrons, the electrons interact with the nuclei of the sample elements and are
subsequently detected by, eg. a fluorescence or semiconductor detector after
transmission. To collect the signal by transmission the specimen has to be “electron
transparent’, ie. thin enough (100 nm) to obtain an interpretable image on the
detector. Based on the nature of the sample, the strength of this interaction varies - the
higher the atomic number, the stronger the interaction. Concurrently, interaction
obviously also varies with sample thickness - when the sample is thicker, more nuclei
are in the way of the electrons. Thus, only part of the incident electrons are not
deflected - this is the direct beam. As heavier elements and thicker samples result in
increased deflection (mass-thickness contrast), fewer electrons reach the detector
placed behind the sample, so that the result is a darker image. Consequently, to ensure

adequate signal intensity, thin samples are required.

When crystalline samples are measured, incident electrons interfere incoherently and
coherently with the electronic shell of the sample. For coherently interference
crystallographic information can be collected. The underlying principle is the same as

described above for XRD.
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The transmission electron microscopy is ideal for a nanoscale analysis of powders. Not
only can the morphology can be identified, but also the distribution of crystallite planes
within a particle can be visualised, and a diffraction pattern can be obtained. As the
particles of the materials used in this study are mostly micron sized and rather

polycrystalline.

TEM analysis was predominantly used for morphological analysis (e.g. whether
spherical particles are hollow), and identification of preferred crystallographic

orientation.

3.2.3 Energy Dispersive Spectroscopy (EDS) and X-ray Fluorescence
(XRF)[107-110]

As described in Chapter 3.1.2, if an electron hit the sample, the energy can lead to an

elevation of a secondary electron (ionisation). This in turn can induce an electron from

an outer shell to fall back to the energetically favoured inner shell position, leading to

an emission of characteristic X-ray radiation (Figure 8).

X-ray fluorescence (XRF)

Figure 8. X-ray - matter interaction resulting in fluorescence.

As this X-ray radiation is like a fingerprint for an element species, an element analysis
can be conducted on the materials surface. The ionisation energy to excite the inner
electron can be reached via electrons with a high kinetic energy (principle of EDS) or

via X-rays or gamma rays with a wavelength of ~10-12 m (principle of XRF).

Both EDS and XRF have been applied in this thesis to identify the composition of

materials and elemental ratios.
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3.24 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)[111.112]

Inductively coupled plasma (ICP) gained attention as an activation source in the field of
atomic emission spectroscopy (AES) in the 1970's. AES identifies and quantifies
elements in a sample by radiative de-excitation of electrons of the respective elements,
leading to characteristic spectra. Due to its properties as an ionised gas, plasma has
been found to be the most suitable to excite electrons. A plasma is a domain of high
energy (~5000 - 7000 K) in which ions and electrons coexist in equilibrium next to
each other and is often considered as fourth state of matter, besides solid, liquid and
gas. In an ICP the plasma is stimulated by argon atoms with a high kinetic energy and is
sustained by an induction coil emitting a high-frequency electrical field. Argon gas is
predominately used due to its high ionisation energy, its noble character (i.e. it does
not to form any bonds with specimen elements) and its simple emission spectrum. The
residence time of the sample in the ionising plasma is only in the range of milliseconds.
Therefore only small liquid droplets (aerosols) or small solid particles can be
introduced to ensure vaporisation and ionisation. Therefore either solutions or small
particle dispersions are introduced via a nebuliser system before entering the plasma
with the gas flow. After excitation and de-excitation of the specimen the intensity of
characteristic spectral lines is detected by a dispersive system. As the intensity is not
an absolute value, standard samples for each element of interest must be measured to
gain a calibration. The detection limit in solution is in the range of 0.01 to 50 pg L1,

depending on the sample conditions and the specific element.

In this thesis ICP-OES was used to determine the specific elements and their ratio in the

synthesised active materials.

3.3 Viscosity Measurements(113]

Viscosity describes the resistance of fluids towards a shear strain or stress. The
resistance can be seen as internal friction caused by interactions and attractions forces
on atomic/molecular level. As this resistance applies also for the moving object within
the fluid, e.g. charge carrier transported in an electrolyte, the viscosity is an important
characteristic for the presented ionic liquid under Chapter 4.5. The viscosity has been
measured by an Anton Paar Rheometer, where a specific shear rate was applied by a
rotating circular cone of 25 mm diameter, with the cone surface completely immersed
into the ionic liquid. As ionic liquids are discussed for their potential applications at
elevated temperature and battery performance are tested under different temperature

conditions the high depends of viscosity on temperature was investigated.
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3.4 Thermogravimetric Analysis[114115]

Thermogravimetric Analysis (TGA) measures the relative weight change of the sample
in relation to a temperature gradient under a controlled atmosphere. Therefore, TGA
can provide information on eg. evaporation, temperature depended oxidation or
reduction and decomposition processes of the sample or parts of it. In combination

with a mass spectrometer (TGA-MS) the volatile sample parts or fragments get ionised
get ionised and separated based on their charge to mass ratio (%) under the influence

of electrostatic and magnetic field separators. The decomposition mechanism can be

inferred from the masses of the detected fragments.

Under Chapter 4.5 TGA-MS was used to define the decomposition point of the

investigated ionic liquid and to monitor the sequence of decomposition.

3.5 Electrochemical Measurements

3.5.1 Electrochemical Celll*1¢l

An electrochemical cell (or battery) has already been shown in Chapter 2.2.3, Figure 1.
In order to study the characteristics of an electroactive material or of the electrolyte,
different cell schematics can be used. As the observable ‘electrochemical potential’ is
based on a differential measurement, the investigated redox process induced on the
working electrode (WE) is relative to a reference electrode (RE) which has a known
and stable potential. As a current flow via the reference electrode changes its potential,
the respective current is balanced by a third electrode, the counter electrode (CE). The
electrical circuit of such a set-up is shown in Figure 9. Three electrode setups have
been applied for stability measurements for electrolytes (Chapter 4.5) and for

impedance measurements in Chapter 4.4.

For water based systems many stable reference electrodes of the first and second kind
are known. The former only depend on the redox interfacial potential like a metal in its
solution or the standard hydrogen electrode. The latter depend on two equilibria: the
redox equilibrium and the solubility equilibrium of the cation in solution and its
sparely soluble salt. Common secondary electrodes are the saturated calomel electrode
or the silver/silver chloride electrode. As the intercalation processes described in this
work occur in organic electrolytes, the aforementioned reference systems cannot be
used. Thus, a pseudo-reference electrode was typically employed. For NIBs, this was

the redox couple Na|Na+ immersed in the respective electrolyte. In this thesis, a two-
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electrode coin cell set-up was used for most of the electrochemical tests, where the
counter and reference electrode are identical, and the potential is measured directly
between RE and WE. In this case, the current flow via the reference electrode leads to a
deviation from the reference potential due to overpotential. By the use of the
respective alkali metal the overpotential is rather small and negligible. Figure 9 shows

schematically the components of a three and a two electrode circuit.

DC supply DC supply
s |1
® @

CE
/m WE CE|RE @ WE

V—

Figure 9. Schematic circuit of a three (left) and a two (right) electrode cell. (A): current-, (V): potential
measurement.

3.5.2 Electrode Preparation and Coin-Cell Assembly

In order to obtain a comparable data basis and ensure that preparation-related
limitations, such as conductivity or adhesion, did not impede the measurements, a high
ratio of activated carbon and binder was chosen to ensure a proper contact and similar
performance for different materials. Polyvinylidene difluoride (PVDF), which acts as
binder, was dissolved in N-methylpyrrolidone (NMP). The active materials where
mixed with activated carbon (20 wt%) to improve conductivity. PVDF solution was
added (20 wt%) and mixed with the active material / carbon mixture. Additional NMP
was added to reduce viscosity and form a homogeneous slurry. After rigorous mixing,
this slurry was places on an Al foil and evenly distributed with the help of a doctor
blade. Subsequently, the NMP was evaporated. Circular electrodes were punched
(16 mm) from this coating, pressed to gain a higher packing density and dried
overnight in a Buchi oven under vacuum at 110 °C before being transferred into the

glovebox.

For the electrochemical tests the electrodes were installed in a two electrode coin-cell
construction as shown in Figure 10. The used coin-cell housing was of the 2016-type

(diameter: 20 mm, height: 1.6mm).
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Figure 10. Illustration of a coin-cell setup: 1) bottom part, 2) cathode electrode, 3) separator, 4) Na-metal
anode, 5) spacer, 6) spring, 7) top part (schematic adapted from [117]).

For consistency the following set up was used for each cell (Figure 10). At first the
previously prepared electrode is placed in the bottom part of the housing (#2 into #1).
Then, 75 pL of electrolyte was dropped onto the active material of the electrode. As
electrolyte a 1M NaClOs; solution in ethylene carbonate/propylene carbonate
(wt% = 50:50) was used. Number 3 is the separator circular punched from a Whatman
glass fibre filter paper (19 mm in diameter), which was soaked with further 75 uL of
electrolyte. A circular metallic sodium piece (#4, 16 mm in diameter) was placed on
top, supported by a 100 pm stainless steel spacer disk (#5). Afterwards the cell was
closed and crimped with the top part (#7), which was spot-welded to a rippled

stainless steel spring (#6) to ensure uniform pressure on the electrodes.

3.5.3 Galvanostatic Cyclingl!16.118]

In galvanostatic measurements, a constant current is applied to the system until a pre-
defined limit of another variable, typically time or voltage, is reached. This type of
measurement is often used to determine the voltage limits and capacity of new battery
materials. Suitable voltage ranges can be determined by varying the lower and upper
voltage limits and observing the amount of current that is flowing, as well as
reversibility of these currents. Capacity is proportional to the absolute current during a

measurement, and thus to the number of transferred electrons.
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This correlation is expressed by Faraday’s law:

mx=zx*F
M

Equation 2. Faraday’s law. Q is the total charged transferred in the observed process, m is the mass of
electrode material, z is the number of electrons, F is Faraday’s constant: 96485 A s mol'l, and M is the
molar mass of the electrode material.

Typically, as electrode masses often differ, capacities are normalised to the mass of the

electrode material and expressed in mA h g-1.

A good indication of the reversibility of the electron transfer is the Coulomb efficiency,
which is defined as the ratio of the current transmitted during discharge and the

current transmitted during charge:

— Qdischarge +100%

Qcharge

Equation 3. Coulombic, or Coulomb efficiency 7, Quischarge is the discharge capacity (or current), and Qcharge
is the charge capacity (or current).

Thus, this variable indicates what percentage of the current that is being ‘fed’ into the
system during charge can be recuperated during discharge. As this property is
indicative of how reversible cycling, i.e. periodic charge / discharge processes, is, it is
closely related with another crucial quantity: cycling stability. Cycling stability
describes how much of the initial capacity is retained during cycling, and is calculated

as follows:

cycle stability = " &

Qo

Equation 4. Cycling stability described by: n is the number of cycles considered, Qn is the discharge
capacity after n cycles, and Qo is initial discharge capacity.

Following this equation, a cycling stability of 1, ie. 100%, describes a constant
discharge capacity over the course of n cycles without any decrease of capacity.
Obviously, for commercial applications cycling stabilities close to 100% are targeted.
For some materials, cycling stability can be larger than 100% for the first cycles. As this
means that the amount of charge that is retrieved from a system exceeds the amount of
charge that was initially fed into the system, irreversible processes during the
discharge process occur. This can be attributed to several factors, such as parasitic side
reactions (e.g. undesired decomposition of the electrolyte). Especially for anode
materials, a solid-electrolyte interphase layer is formed in the first few cycles. Even

though this process is based on partial decomposition of the electrolyte, it is necessary
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for the stability of a variety of anode materials and is therefore a desired process. The
result of this is a coulombic efficiency that can significantly exceed 100% in the first

cycles.

In galvanostatic measurements, the applied current is the independent variable, i.e. the
current is controlled throughout the measurement. There are different systematics to
describe this current. Particularly for new materials which are not yet well known,
absolute mass-normalised values are chosen for the current, as no previous knowledge
about the respective materials is required and they ensure good comparability. For
example, materials can be (dis-)charged at a current rate of 50 mA g-1. Another popular
systematic is based on the absolute capacity a material can provide, and classifies the
rate at which a material is (dis-)charged based on the so-called C-rate. When a material
is discharged at a C-rate of 1 (i.e. at 1C), the duration of one complete discharge is one
hour. In other words, the applied current is set to a value at which it takes theoretically
one hour to extract 100% of the capacity (‘C’). Accordingly, when a material is cycled at
2C, theoretically 100% of the total capacity can be extracted within 0.5 hours, and at a
C-rate of 0.5, it takes theoretically two hours to completely discharge the system. The
same logic is applied for the charge process. As this classification is based on the
theoretical or initial capacity of the material, it is particularly helpful for optimised
materials with a very high cycling stability. When capacities decrease continuously, C-
rates, strictly speaking, change during the course of cycling. Thus, as the materials
presented in this work are new materials with a certain degree of capacity fading, the

current rate methodology is used.

3.5.4 Galvanostatic Intermittent Titration Techniquel!19-123]

Galvanostatic intermittent titration technique (GITT) is one of the most applied
chronoamperometry techniques.[124] The theory behind this measurement in its basic
form was developed by Weppner and Huggins for electrochemical alloy formation.[120]
Under certain assumptions it has been shown that the GITT technique can also be used
also for insertion materials. These assumptions include diffusion according Fick's law
and a uniform current distribution throughout the material. Furthermore, an
estimation of the electroactive area has to be done. Thus, the transfer of this technique
to insertions processes is particularly problematic if a first order phase chance is taking
place during insertion of Li* or Na*, respectively. However, by a proper adaption of the

conditions, GITT can still be employed to identify certain trends.[122]
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The procedure is the alternation of two processes. At first a constant current flux is
applied for a limited time to induce diffusion towards the active material and
(de)intercalation processes. Secondly, it is followed by a relaxation period at open

circuit conditions, to give the system time reach its thermodynamic equilibrium state.

I “_4} IR-drop

AE,
AE,

Cell potential

time

Figure 11. Applied current pulse and subsequent relaxation period in an actual GITT experiment
performed under Chapter 4.4. AE, is the total transient voltage change for the current pulse and AE is the
steady state voltage change of the step.
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Equation 5. D is the diffusion coefficient, Vi is the molar volume of the unit cell, i is the applied current, za
is the charge number, F is Faraday’s constant, S is the electrode / electrolyte contact area which is mostly

assumed to be the geometric surface of the electrode, AE, is the total transient voltage change for the
current pulse and AE; is the steady state voltage change for this step.

By alternating between the (dis)charge current and the relaxation period, the
equilibrium potential as a function of Li/Na content can be achieved. Moreover, the
estimation of the diffusion coefficient Din, can be calculated applying Equation 5,

where AE; in this equation can be expressed by the slope of the coulometric titration

curve(Z—?), and AE, is the slope of the linearised plot of the potential E (V) during the

current pulse (;—jf). The calculation for the diffusion coefficients is based on the

volume of the initial unit cell.

In this thesis GITT measurements have been used for the comparisons of the kinetic

behaviour of materials presented in Chapter 4.4.
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3.5.5 Linear Sweep- and Cyclic Voltammetry (LSV & CV)[116118,123,125]
LSV and CV are related techniques and are employed to investigate the nature of redox
processes in an electroactive material. In addition, information on the underlying

electron transfer in terms of its kinetic or diffusion characteristics can be obtained. In a
. . . . dE\ . . )
LSV experiment a linear sweep rate of potential vs time (E) is applied for a fixed

potential range (between Vi and V) and the current is recorded. An increase in
potential (anodic scan) is accompanied by oxidation reactions. For the case of
(de-)intercalation processes in a cathode material, this corresponds with the de-
insertion of the charge carrier from the structure. A decrease in potential (cathodic
reaction scan) is accompanied by the respective reduction process. This corresponds
with the intercalation of the charge carrier into the electrode material. In a typical CV
experiment both scan directions are applied subsequently. Figure 12 shows a typical
triangular shape of the potential plot vs. time of a CV experiment and the current

response of an induced reversible single electron transfer for oxidation and reduction.

Potential
A Current A

\£

, Il
Potential

Vi

Figure 12. Left side shows the applied voltage scan; right side the respective voltammogram.

By plotting the relation between the scanned potential range vs. the current response
in a voltammogram, preferably for different scan rates, various data can be withdrawn.
The evaluation of the CV data can lead to information regarding the reversibility of a
process, the coulomb efficiency, the aforementioned kinetic characteristics of the
electron transfer, diffusion coefficient of the underlying process as well as indications
to the nature of the active material. While in basic electrochemistry the underlying
redox process is the reaction of an electroactive species in solution on ideal electrodes
some assumptions have to be made to apply similar principals for intercalation

electrode materials. Ideally, a large flat electrode with only Faradaic processes and
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negligible capacitive currents with a linear diffusion of the redox species towards/from
the electrode is desirable. Realistically, besides the charge transfer reaction, other scan
rate dependent effects on the voltammetric signal have to be considered to properly
investigate battery materials. These include transfer processes from/to the surface of
the electrode, as well as the transport inside the material, adsorption and other surface
processes, structural rearrangements inside the material and chemical reactions

interposed between two charge transfer reactions.

In addition certain terms are used differently for the investigation of battery materials
as compared to classic electrochemistry. In an ideal reversible redox process the
difference of the peak maxima from Ox (E,%¢) and Red (EyRed) are independent of the
scan rate with a value of 59 mV. In addition, the ratio of the peak currents (1,0% / [ Red) is
one. Reversibility for the case of electrode materials means a reversible intercalation

process, i.e. integration of the current of the positive and negative scan are equal.

CV experiments have been employed for all here investigated materials. LSV was only
employed to determine the voltage stability range of the newly introduced ionic liquid

described in Chapter 4.5.

3.5.6 Electrochemical Impedance Spectroscopy (EIS)[118126]

Electrochemical impedance is a powerful method to probe the dynamic characteristics
of an electron transfer in an active material. The current response (I) of an
electrochemical system towards an alternating potential (U) is typically a nonlinear
relation. EIS is a tool to describe this. To keep the system as close as possible in a linear
relation the applied amplitude of the sinusoidal potential is usually small (~5-20 mV).
A schematic model for the interfacial electron transfer reaction is given by an electrical

circuit (Figure 13).

C
I
_I

Rey

Figure 13. Electrical circuit scheme equivalent for interfacial electrochemical reactions, where Ro
corresponds to the Ohmic resistance, C correspond to the double layer capacitance and Rcr corresponds to
the charge transfer resistance.
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The electron transfer at the electrolyte | electrode interface is expressed by a
polarisation or charge transfer resistance Rer. Rer is combined in series with the Ohmic
resistance (Rg), i.e. the sum of all cell component resistances (e.g. electrolyte, etc.), and
in parallel with a capacitive element (C) for the double layer capacitance. The complex
frequency dependence of the impedance Z(iw) can be described in following

equations:

Rer
1+i2nwRcr C

E
Z(iw) = 7= Zy(cos¢g +ising) = R, +

Equation 6. Relation of impedance Z with the applied potential E and corresponding current I, or
expressed by a complex function combining the real and imaginary portion. The third complex function
relates Z with the frequency dependent Rcrand C, @ stands for the frequency, i correspond to an imaginary

number (i = vV=1).

Although the theory is technically only applicable for negligible capacitance dispersion,
meaning a flat, non-porous electrode surface, certain trends can be still obtained for
porous intercalation materials. Is the frequency (w) high the equation can be simplified
to Z = Rq, whereas if the frequency is low, simplification gives Z = Rq + R¢r. In this
work most of the impedance was presented in the so-called Nyquist plot based on
Cartesian coordinates, with the imaginary part (—Im(Z) = i sin¢) on the y-axis and the
real part (Re(Z) = cos¢) on the x-axis. The first x-intercept in such a plot corresponds
to Rq and the second x-intercept to Rg + Ret. By subtraction of R from R + Rep the

charge transfer resistance of a system can be determined.

In Chapter 4.4 EIS was applied to compare the kinetics of the Co-doped and undoped
flake material and in 4.5 to gain information on the solid electrolyte interphace

development for the ionic liquid electrolyte, respectively.
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4 Results

As described in Chapter 2.3.1 and 2.4, layered sodium manganese oxide are a material
class which are suitable candidates for future NIB cathodes, owing to the low cost and
high abundance of manganese. However, cycling stability still remains a problem in
NIBs. In the following chapters my peer-reviewed publications that originated from my
research on this topic are presented. The main focus was on selecting strategies for
synthesis and structure variations. For positive findings, the fundamental causes of the
improvements were investigated. In Chapter 4.1, the positive effect of 11% cobalt
doping of P2-type NayMnO: and the difference of the electrochemical behaviour is
described. Chapter 4.2 presents the first investigation of morphology optimisation for
the material class of P2 Na,MnO, To investigate structural reasons for the positive
influence of both strategies an in operando XRD cell for laboratory diffractometers was
developed. This work is presented in Chapter 4.3. A fundamental study of both
strategies, based on various analytical techniques, is presented in Chapter 4.4. The
work described in this chapter also includes the description of a successful
combinatorial approach, i.e. synthesis of a Co-doped spherical material. Besides these
two main strategies on structural alterations a third approach to improve cycling
stability was investigated. As the interaction between the electrode material and the
electrolyte can have an influence on stability, solubility of active material in the used
electrolyte was tested (Chapter 4.4). Finally, in Chapter 4.5, a new ionic liquid structure
is presented. Successful tests as potential electrolyte in LIBs, as well as first results for

NayMnO2., and NaxCoo.1Mno 902+, spheres are described.

38|Page



4.1 Combustion-Synthesised Sodium Manganese (Cobalt) Oxides as

Cathodes for Sodium-Ilon Batteries

This chapter is a summary of the publication “Combustion-synthesized sodium
manganese (cobalt) oxides as cathodes for sodium ion batteries” (Journal of Solid State
Electrochemistry 2013, 17, 1923-1929). It is the first work on NIBs in our group, and
was conceived when interest in this material class was increasing tremendously as
described in Chapter 2.3. N. Bucher was leading the work that is presented in this

publication.

In this publication, we demonstrated that P2-type NayMnO, (NMO) synthesised via a
combustion method, which was previously only used as precursor for LIB
materials,[4942] is a suitable candidate for NIB cathodes. Moreover, the positive

influence of Co-doping (11%) on cycling stability was demonstrated.

Both NMO and Nag.7C00.11Mngg902 (NCO) crystallise in the same structure (space group
P63/mmc), which consist of layers of MnOs octahedra separated by Na-ions, and show
the same hexagonal flake-like morphology. While the cyclic voltammogram for both
materials shows a major transition at approximately 2.0 / 2.5 V vs. Na|Na*, the CV of
NCO is rather flat throughout the remaining potential range of 1.5 - 3.8 V vs. Na,
whereas the CV of NMO shows a variety of peaks, indicating different electrochemical
processes. Due to reported similar findings for the isostructural P2-Nag7C00;, These

processes are attributed to Na+-ordering within the layers. [86.127-129]

The peak in the CV are also reflected in the galvanostatic charge/discharge curve -
even though both materials show the same capacity, the galvanostatic courves differ:
various minor plateaus in the discharge curve of the NMO shows the same
Nat*-ordering processes which were indicated in the CV. During cycling, capacities
decrease for both NMO and NCO. However, the decay is more significant for NMO than

for the doped analogue.

Coulombic efficiency is similar for both materials. Thus, it is reasoned that suppression
of parasitic side reactions is not the cause of the enhanced cycling stability of the Co-
doped flakes over the undoped NMO flakes. Therefore, structural reasons were
discussed, such as suppression of Na*-ordering between the layers of MnOs-octahedra,

which could lead to enhanced Na*-transport within the cathode. In general, the need
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for further studies to elucidate the reason(s) for the difference in cycling stability was

determined in order to deduce design principles for future NIB cathodes.

In summary, Co-substituted (11%) P2-type NayMnO; was obtained via a combustion
synthesis method and was shown to improve cyclability. The suggested reason for the

increased stability was a suppression of the Na+* ordering processes during cycling.
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Abstract We report on the electrochemical properties of
layered manganese oxides, with and without cobalt substi-
tuents, as cathodes in sodium ion batteries. We fabricated
sub-micrometre-sized particles of Nay;sMnO,,, and
Nay 7Cog.11Mng g9O; . via combustion synthesis. X-ray dif-
fraction revealed the same layered hexagonal P2-type
bronze structure with high crystallinity for both materials.
Potentiostatic and galvanostatic charge/discharge cycles in
the range 1.5-3.8 V vs. Na | Na" were performed to identify
potential-dependent phase transitions, capacity, and capacity
retention. After charging to 3.8 V, both materials had an
initial discharge capacity of 138 mAhg ' at a rate of 0.3 C.
For the 20th cycle, those values reduced to 75 and 92 mAh
g ! for Co-free and Co-doped samples, respectively. Our
findings indicate that earlier works probably underestimated
the potential of (doped) P2-type Nag;MnO,., as cathode
material for sodium ion batteries in terms of capacity and
cycle stability. Apart from doping, a simple optimization
parameter seems to be the particle size of the active material.
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Introduction

Growing interest in the integration of sustainable energy
sources into the electricity grid has spurred immense interest
in the field of energy storage applications in the recent years.
The pre-dominant commercial battery system is the lithium
ion battery (LIB), which has become the standard energy
source for portable electronic devices and currently gains
increasing importance for the electric propulsion of vehicles
[1-6]. There are several approaches to remedy the inherent
problems of LIBs, like battery cost and safety. One approach
that has attracted wide attention is aqueous lithium ion
battery systems. Only recently, several water-based batteries
with high capacities of approximately 120 mAhg ' and
excellent cycle efficiencies using LiMn,0, as cathode ma-
terial have been developed [7-9]. Another promising alter-
native to conventional LIBs is the sodium ion battery (NIB)
[10-13], owing to worldwide abundance of Na metal and
lower cost of Na,CO; (€~0.40 kg ') than that of Li,COs
(€~4 kg") [14]. Even more important are potential cost
savings for the cathode material. Such cost arguments are
even more relevant for larger scale rechargeable batteries as
they are currently discussed for the stabilization of electric
grids. Though both Li and Na are alkali metals, the best
electrode materials for LIBs are not necessarily the best for
NIBs. In particular, NIBs offer the potential to avoid the
expensive cobalt oxide-based cathodes that are common in
LIBs [15]. Two main challenges related to NIBs are (1) the
generally lower voltage and (2) the larger volume change
due to (de-)intercalation of Na* as compared to Li" ions.
The latter implies additional strain on the crystal structure
during cycling, with negative impact on the cycle life. As
Na-based chemistry is less well explored than Li-based
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chemistry in the field of energy storage, there is a good
chance that known structures that do not work in LIBs are
found to work in NIBs.

Layered manganese oxides in their manifold structures [16,
17] are used and discussed as cathode materials in lithium ion
[18, 19] and sodium ion [20, 21] batteries since long. For Li ion
batteries, LiMnO, with its high theoretical capacity of 285 mA
hg ! is an attractive alternative to the common LiCoO,, also
due to the much lower price of Mn as compared to Co. An
inherent problem of Li,MnO,, however, is its instability against
a transformation from a layered into a spinel structure in
charged state, i.e. at low Li content x [22], which goes along
with capacity fading. Ma et al. recently highlighted that for
Na,MnO, such a degradation to a spinel structure is thermody-
namically and kinetically disfavoured as compared to Li,MnO,
[23], i.e. NIBs could be fabricated based on this rather cheap
and non-toxic class of cathode materials. Nevertheless, cycling
stability remains a central challenge for Na ion batteries [14,
21], and a broad community is tackling this challenge in several
ways [24-27]. For layered manganese oxides as cathodes in
LIBs, significant improvements of the cycle life were achieved
by partial substitution of Mn by other transition metals (“dop-
ing”) [19]. Interestingly, those cathode materials were prepared
via the sodium-containing precursors Nag7Mg 11 Mng 9O,
(M=Fe, Co, Ni, Cu, Zn, Al; z=0.05 accounts for cation vacan-
cies in the MO, layers [16]), but their electrochemical proper-
ties were only tested after an ion exchange from Na to Li.

In this paper, we will show that the powders generated by
the combustion synthesis method [28] used by Doeff et al. in
the cited work [19] are not only useful precursors for the
fabrication of LIB cathodes but are also well-performing
cathodes for NIBs. As test cases, we will show first results
for Nao.7Mn02‘05 and Nao‘7Mn0_89C00_1102.05, both with the
same P2-type layered structure [17]. After a description of
synthesis and analysis methods and procedures, we will first
present the crystal structure and morphology of the samples
as analyzed by X-ray diffraction (XRD) and field emission
scanning electron microscopy (FESEM), respectively. We
will then evaluate potentiostatic and galvanostatic charge—
discharge curves of both materials with respect to their
initial Na content, their potential dependent phases, their
coulomb efficiency, and their cycling stability. The results
will be discussed in comparison to previous findings for P2-
NapsMnO, [20], P2-Nay (MnO,[21], monoclinic NaMnO,
[23], P2-Na,CoO, [29], and P2-Na,3C0,/3Mn; 30, [30].

Experimental
Synthesis

Nay ;MnO,.., was synthesized using the combustion method
as described by Doeff et. al. [19, 31, 32]. Sodium nitrate
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(Sigma Aldrich, >99 %) and manganese acetate (Alfa Aesar,
anhydrous, 98 %) were mixed in Na/Mn mole ratio of 7:10
before being dissolved in deionized water, followed by the
addition of concentrated nitric acid (>69 %, Honeywell) in
excess and 1.5 g of gelatin. The solution was heated to 250 °C
until spontaneous combustion occurred. Oxidation of the ami-
no groups of the gelatin not only releases the required heat but
also yields substantial amounts of gaseous products (N,, CO,,
H,O0) that facilitate the reaction and ensure small particle sizes.
The product is a dark brownish powder with cotton-wool-like
texture. For better crystallization, the powder was annealed in
air at 800 °C for 4 h. For the cobalt-doped cathode, cobalt
nitrate (Sigma Aldrich, >98 %) was added to the precursors in
the mole ratio of Na/Co/Mn 7:1.1:8.9. The subsequent syn-
thesis steps were carried out as described above, obtaining
Nagy 7Cop.11Mng 9O, -, (according to elemental analysis). In
this paper, we will refer to the Co-free and Co-doped samples
as NMO and NCO, respectively.

Characterization

The crystal structures of the synthesis products were ana-
lyzed by powder XRD using a Bruker X-ray diffractometer
with Cu—K, radiation. Then, 26 was varied within a range of
10°<260<80°, using a step size of 0.017° and 1.7 s per step.
The obtained XRD patterns were analyzed by Rietveld
phase analysis using a Lebail approach within the Topas
version 3 software, employing the fundamental parameter
approach [33-35]. The powder morphology was analyzed
by FESEM (JEOL JSM-7600F), including elemental analy-
sis. Brunauer—Emmet-Teller (BET) surface area measure-
ments were carried out with a Nova 3200e surface area and
porosity analyzer.

Electrochemical measurements

The composite cathodes were prepared by mixing active
material (NMO or NCO), acetylene black (Alfa Aesar,
>99 %), and polyvinylidene fluoride (PVdF, Arkema, Kynar
HSV 900) binder in the weight ratio of 60:25:15, with N-
Methyl-2-pyrrolidone (NMP, Sigma Aldrich, >99 %), to form
a slurry. The well-mixed, homogenous mixture was coated on
an Al foil (16 um in thickness) using a doctor blade and dried
at 80 °C in air to remove the solvent. The dried coating was
then roll pressed between twin rollers to improve adherence to
the Al foil and then punched into 16-mm-diameter pieces.
After drying the electrodes for 4 h under vacuum at 110 °C,
the electrodes were assembled in half-cell configuration in
2016 coin cells, using 16-mm circular sodium metal pieces
as the anode, separated by glass fibre (Whatman) swollen with
sodium ion-conducting electrolyte. That electrolyte consisted
of 1 M NaClQO, (Sigma Aldrich, >98 %) in propylene carbon-
ate (PC, Sigma Aldrich, >99.7 %). Electrochemical studies
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were carried out via cyclic voltammetry using a BioLogic
potentiostat, while galvanostatic testing were performed using
a battery tester system (Neware). All capacities are reported in
milliampere hour per gram (mAhg ), related to the mass of
the active material. For Nay ;MnQO, with a molar mass of
102.41 gmol ™', the extraction/insertion of 1 Na per formula
unit is equivalent to 262 mAhg ™.

Results and discussion

The crystal structure of P2-Naj ;MnO, (space group
P6smmc, see ref. [17] for the nomenclature) is depicted in
Fig. 1. It consists of MnO, slabs made of edge-sharing
MnOg octahedra. The sodium ions can occupy two different
triangular prismatic sites in the plane between these MnO,
slabs. Following a nomenclature introduced by Carlier et al.
[30] for a similar system, these are marked as Nagand Na, in
Fig. 1. For Nag, the triangles of the prisms are also triangles
of the octahedra above and below, whereas the triangles of
the prisms around Na, are formed by edges of three of the
octahedra, respectively. Energetically, the two sites are not
equivalent due to their differing number and distance of the
Mn**** jons surrounding the respective Na*. The lower
right corner of Fig. 1 exemplarily depicts a substituting
CoOg octahedron as it appears in NCO. Based on the results
of a neutron diffraction analysis published for P2-
Na,;3C01,3Mn, 30, [36], we assume that the lateral distri-
bution of CoOg and MnOg octahedra within the slabs of our
Nag 7Cog.11Mng 89O, +. does not obey any long-range order.
As mentioned above, the MO, layers have about 1 % cation
vacancies [16]. Such a vacancy is illustrated next to the
MnOg octahedron in Fig. 1.

Fig. 1 Crystal structure of P2 layered Na,MnO, and Na,Co,Mn, ,0,.
Two possible sites for intercalated Na and three possible ways of filling
the octahedral sites (vacancy, Mn, Co) are shown (see text)

All peaks in the XRD patterns in Fig. 2 can be indexed to
the layered P2 structure of Fig. 1. For the lattice vectors 4, b, c,
a Rietveld analysis yields the lattice parameters a=b=
2.872(2)A and ¢=11.167(2)A for NMO, and a=b=
2.848(1)A and c=11.149(2)A for NCO. FESEM images as
those in Fig. 3 revealed that both NCO and NMO consist of
flat hexagonal particles after synthesis. This fits to the layered
crystal structure detected in XRD. The lateral dimensions
(parallel to lattice vectors a and b) of the flakes in Fig. 3 are
in the range between 300 and 600 nm, and their thickness
(direction of lattice vector ¢) lies between 100 and 200 nm.
Energy-dispersive X-ray spectroscopy confirmed Na, Mn, O,
and (for NCO) Co as main constituents of the electrodes.
Quantitative analysis revealed a ratio of cobalt to manganese
of 1:6.7, resulting in a stoichiometry of Nay 7Cog 11 Mng O+
. for NCO. Apart from the microstructure, the two samples
also share the same specific surface area of ~50 m’g ' as
measured by BET. In total, the two samples are essentially
equal in crystal structure and morphology and thus provide an
ideal model system to separately study the effect of the Co
substituents in NCO on the electrochemical properties.

After assembly, the coin cells with either material had an
open circuit voltage (OCV) of 2.65 V. This indicates that both
cathodes have a comparable Na" content after synthesis. The
voltage is close to the 2.8 V reported by Caballero for P2-
Nagp ¢MnO, obtained by a sol-gel method [21]. We rationalize
our slightly lower OCV as a consequence of a higher Na"
content of 0.7 as opposed to 0.6 in ref. [21]. As will be shown
more below, both of our tested materials take up a charge of
56 mAhg ' when charged up to 3.8 V. This would be equiv-
alent to an extrusion of 0.21 Na" per formula unit, i.e. forming
Nag 40MnO;,.., and Nag 46Coq 11Mng g9O, .+, respectively.

Figure 4 shows cyclic voltammograms (CVs) of NMO and
NCO at a scan rate of 0.3 mVs ' in the range between 1.5 and
3.8 Vvs.Na|Na". Both CVs are dominated by a couple of

P2-Nag ,MnO,, (NMO)
-__"JL“—"-—-—-——-——-A—.J\-JL__A_,.)\—

P2-Nag;C0g,1;MnNg g50,,, (NCO)

__,__Jg______»\_..ﬂ.»..}\_&_}k I b

~ T Ome~N Mmoo O WwN T Om
=] ©o ocoo © oo 00 O = Coo
y I N Y i S

) o) c
"‘ e

T RPN I | I R N N G E

10 20 30 40 50 B0 70 80

24

Fig. 2 XRD patterns of a NMO and b NCO. ¢ Rietveld refinement of
XRD pattern of NCO and d %kl positions of space group P6;mmc
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Fig. 3 FESEM images of
NMO (a) and NCO (b); inset in
(a) illustrates the layered
structure

redox peaks between 2 and 2.5 V. Both peak positions and
the apparent equilibrium potential are slightly more positive
for NCO as compared to NMO. A main difference between
the two voltammograms is the presence of manifold oxida-
tion and reduction peaks for NMO in Fig. 4a as opposed to
the rather smooth voltammogram of NCO in Fig. 4b. Sim-
ilar features were previously shown in plots of the differ-
ential specific capacity of P2-Nay¢MnO, [21] and also for
monoclinic NaMnO, in potentiostatic intermittent titration
patterns [23]. These features can be attributed to phase
transitions similar to those intensely studied for P2-
Na,CoO, [29, 30, 37, 38]. These transitions do not concern
the layered P2 backbone structure itself but the ordering of
Na" and vacancies between the slabs, specifically their

15 2 2.5 3 3.5

P2-Nag;Mn0;,,

Ja
0.5 (NMO)

0.4
0.3 -
0.2
0.1

-0.1
-0.2 -
-0.3 4
0.4 -

os4b
0.4 -
03 -
0.2 -
0.1 4

» Cycle 2

Cycle1

P2-Nag ;C0q,1,Mng 890;.,,
(NCO)

Current / mA

-0.1 4
-0.2 +
-0.3 -
-0.4

Cycle2 * cycle 1

T T T T
15 2 2.5 3 3.5
Potential vs. Na|Na*/V
Fig. 4 Cyclic voltammograms of a NMO and b NCO (scan rate,
03 mVs ')
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distribution among the two different triangular prismatic
sites (see Fig. 1). Apart from the main redox couple, the
most pronounced features in the CV in Fig. 4a are the two
oxidation peaks A and B at 3.5 and 3.6 V, respectively.
These features seem to be a common fingerprint for
potentiostatic and galvanostatic charging of sodium layered
oxides: they can be found, e.g. in the charging curves for
P2-Nag ¢MnO, [21], monoclinic NaMnO, [23], P2-
NaxC002 [29, 37], P2—NaxC02/3Mn1/302 [30], or P2-
Na,[Fe;»Mn;,,]O, [39]. For P2-Na,CoO, [29, 37] and
P2-Na,Co,sMn; 30, [30], this feature was already shown
to be related to the transition into/out of the very stable
phase for a Na* content of 0.5. For P2-Na, sCoO,, experi-
ments [40, 41] and calculations [37, 38, 42] revealed an equal
occupancy of Na. and Nay sites. Though the Na"/vacancy
patterns for the corresponding manganese lamellar oxides
are not yet known, similar ordered and stable structures must
exist. As a last point related to the CV profiles in Fig. 4a and b,
we would like to underline the similarity to the charging
curves of P2-Na,CoO, [29] and P2-Na,Co,5Mn,;;30, [30],
where partial substitution of Co by Mn “erased”” most of the
features apart from the ones around 3.5 V. Our results show
that a continuous increase of the Mn content towards P2-
Na,MnO,... eventually “revives” those features again. This
can be explained as follows: The interaction of Na" ions with
the chemically corrugated landscape of the doped oxides pre-
dominates over the interactions between the Na' ions. The
latter is mainly responsible for the ordered patterns observed
at specific Na' concentrations. Even for plain P2-Na,MnO, .,
the Na' ions can be expected to be in a chemically less
homogeneous landscape as compared to P2-Na,CoO,. The
cation vacancies in the MnO, layers (see Fig. 1) [16] act as
effective negative charges that trap intercalated Na* ions [43]
and thus disturb their arrangement into long-range ordered
phases. This would explain why the voltammetric features
observed in Fig. 4a are still relatively weak despite the good
crystallinity of the cathode material.

Figure 5 presents galvanostatic charge/discharge cycles
of NMO and NCO at 0.3 C (50 mAg ') between 1.5 and
3.8 V vs. Na | Na". For NMO, two potential plateaus at 3.5
and 3.6 V are visible for all cycles. In analogy to the
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Fig. 5 Galvanostatic charge/discharge profiles of a NMO and b NCO
at 0.3 C. First, 10th, and 20th cycles are shown. Inset: derivative of the
charging curves in the range 3.45-3.7 V for better visibility of features
A and B

respective features in the CVs in Fig. 4, these have been
marked as A and B. For the second and all further cycles,
the charge curves of NMO exhibit a long plateau at ~2.3 V as
dominating features. In agreement to the CVs, the correspond-
ing discharge plateau is at ~2.1 V. As to be expected from the
much broader peaks in the CVs of NCO, the galvanostatic
charge and discharge curves of that sample in Fig. 5b do not
exhibit any pronounced plateaus. NMO and NCO both exhibit
a discharge capacity of 138 mAhg ' after initial charging to
3.8 V. This is equivalent to the intercalation of 0.53 Na" per
formula unit. The capacity is close to the values reported for
P2-Nag sMnO, (140 mAh g_1 [21]), P2-Na,Co,/3Mn; 30, and
P2-Na,CoO, (both 120 mAhg "' at C/100 [30]). Only mono-
clinic NaMnO,, where up to 0.8 Na* per formula unit can be
reversibly (de-)intercalated, has a significantly higher capacity
of 185 mAhg ' (measured for C/10) [23].

After 20 cycles, NMO and NCO have a remaining capacity
of 75 and 92 mAhg ', respectively. As illustrated in Fig. 6a,
the decay in capacity becomes less steep with increasing cycle
number for both cathode materials. This behaviour is different
from that reported by Morales et al. for P2-Nag (MnO, [21],
where the degradation seems to become faster with increasing
number of cycles. Since their crystal structure should be the
same as ours and the voltage range used in their cycles was
even narrower, the most likely explanation for the better
stability of our NMO is the electrode structure, specifically,
the particle size. Whereas the flakes generated by our com-
bustion method are all <1 um (cf. Fig. 3), the particles in the
cited work are >2 pm. Smaller particles are less sensitive to
mechanical deformation due to Na* (de-)intercalation. This
would explain why we observe a better stability, and it calls
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Fig. 6 a Integrated charge of galvanostatic discharge at 0.3 C for 20
cycles for both cathode materials; b Coulomb efficiencies (discharge
capacity divided by preceding charge capacity) for cycles 2—20

for a systematic optimization of the particle size in future
studies. However, as Qu et al. [44] recently reported for o-
NaMnO, used in asymmetric aqueous supercapacitors, high
cycle efficiencies can also be achieved for larger particles.
This might be a hint that part of the fading observed in our
work is due to an interaction between the organic electrolyte
and the active material.

An interesting quantity to consider in the context of capac-
ity retention is the coulomb efficiency, i.e. the discharge ca-
pacity divided by the preceding charge capacity. Figure 6b
shows that the coulomb efficiencies for both cathode materials
are slowly increasing from 78 % in the second cycle to at most
95 % in the 20th cycle. There is no apparent difference be-
tween NMO and NCO with respect to these values. Similar
behaviour, yet not quantified over many cycles, was reported
for P2-Nay ¢MnO, [21], monoclinic NaMnO, [23], P2-
Na,Co,3Mn; 30, [30], and P2-Na,CoO, [29]. The main con-
tribution to the low coulomb efficiency comes from side re-
actions at higher potentials, e.g. electrolyte decomposition [13,
23]. Our results do not show any effect of Co doping on these
parasitic reactions. Another possible reason for capacity fading
could be the disproportionation of Mn®* into Mn*" and
dissolved Mn**, which is a general problem of Mn containing
cathodes. This hypothesis is substantiated by literature [1, 6]
and is a key issue to be addressed in future works.

The better capacity retention for the doped sample fits to
corresponding observations for the stability of substituted
layered manganese oxides in lithium ion batteries [32]. It
has to be pointed out, however, that the ion exchange of Na*
towards Li" goes along with a transition of a P2 to an O2
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structure [32] so that the structural boundary conditions
cannot be directly compared. Moreover, the capacity fading
of LIBs involving Li,MnO, cathodes is mainly due to a
gradual transition into an energetically favourable spinel
crystal structure [45, 46]. This transition does not occur in
NIBs [23]. The stabilizing effect of Co could involve more
than one factor, similar to what was observed for spinel
LiCo,Mn,_,04 as compared to LiMn,0,4 as cathodes in
LIBs where Co was shown to improve the general chemical
stability and the cation conductivity of the electrode [6].

Conclusions

The gelatin-assisted combustion method is ideal for the syn-
thesis of P2-type layered sodium manganese oxides as well-
defined model cathodes for rechargeable Na ion batteries.
These cathodes can be systematically varied by partial substi-
tution of Mn by Co, Fe, Ni, Cu, Zn, and Al. The resulting
powders consist of sub-micrometre flakes with a P63mmc
crystal structure. Being charged to 3.8 V vs. Na | Na®, the
cathodes based on those particles have a discharge capacity of
138 mAhg™', equivalent to the extrusion and re-insertion of
~0.5 Na. Due to the small size of the flakes, these capacities
were attainable at a rate of 0.3 C. We have exemplarily shown
that substitution by Co does not alter the capacity itself but has
a beneficial effect on the cycling stability. Specifically, the
capacity of the 20th discharge cycle (with 0.3 C) increases
from 75 mAhg71 for Nag,MnO,.. to 92 mAhg7l for
Nag 7Cog.11Mng g0, +.. An effect of Co doping towards im-
proved cycle efficiency via suppression of parasitic side re-
actions, however, can be excluded. Cyclic voltammograms
indicate that the presence of Co suppresses the formation of
ordered Na“/vacancy phases which is likely to have an influ-
ence on the Na" transport within the cathode. Further studies
will reveal in how far this behaviour directly contributes to the
observed cycle life improvement. Moreover, a systematic
study on the optimum particle size for plain and doped
Na,MnO, is on its way.
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4.2 Layered NaxMnO2.; in Sodium-lon Batteries - Influence of

Morphology on Cycle Performance

This chapter is a summary of the publication “Layered NayMnOz., in Sodium Ion
Batteries - Influence of Morphology on Cycle Performance” (ACS Applied Materials &
Interfaces 2014, 6, 8059-8065), which is the continuation of the work on sodium
manganese oxides as NIB cathodes. N. Bucher was leading the work that is presented in

this publication.

The basic principle of energy storage of NIBs is (de-)insertion of Na-ions into (from) a
crystal structure. This incorporation of Na+* into a given lattice is accompanied by a
volume change of the unit cell. During cycling, this leads to repeated expansion and
contraction of the unit cell, which results in structural stress which can have an
influence on the long-range order of the material, and therefore on cycling stability.
Thus, one approach to enhance cycling stability is to accommodate these volume
changes of the unit cell. This publication reports for the first time on the effect of
morphology on the electrochemical properties of Nag;MnOz., (NMO). In this work a
new wet-chemical approach to synthesise hollow NMO spheres has been introduced;
the diameter of the obtained spheres is approximately 5 pm; NMO flakes were
prepared via combustion synthesis as in the previous Chapter 4.1. Both spheres and
flakes were synthesised in the same layered P2-type structure, even though
crystallinity was higher for the flakes. Potentiostatic measurement revealed the same
behaviour for the spheres as previously observed for the flakes - one major transition
at 2.2 / 2.5 V vs. Na|Na+, and several peaks at higher potentials (voltage range of
1.5 - 3.8 V vs. Na). However, these minor peaks are significantly more pronounced for
the spheres, indicating that a higher amount of charge is transferred during the
respective process. This is confirmed by galvanostatic measurements. The minor
plateaus at voltages above 2.5 V vs. Na|Na* are more distinct; as the underlying
processes are better exploited, the weight-normalised charge, i.e. capacity, is higher for
the spheres than for the flakes. While the flakes provide an initial discharge capacity of
140 mA h g1 at a current rate of 50 mA g1, the respective value for the spheres is

160 mAh gt
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This advantage with regard to capacity could be observed for various current rates
ranging from 20 mA g1 to 800 mA gl. Moreover, it is preserved over the course of
cycling. While the flakes exhibit a capacity of 73 mA h g1 after 100 cycles, the spheres
still provide 94 mA h g! (50 mA g1). Possible reasons for this are better
accommodation of the volume changes during charge/discharge for the spheres than
for the flakes as a consequence of the spherical morphology, or a better penetration of
the electrode with electrolyte and more uniform mixing as a result of the spherical

morphology.

In order to investigate the effect of morphology on the extent to which repeated
volume changes led to degradation of the morphological integrity of the Nag7MnO»,
SEM pictures of both flake-like and spherical material after 100 cycles were taken.
Thus, it could be confirmed that, while the flakes seemed to have fused together, the

spheres were still intact; i.e. their morphology was retained throughout cycling.

The spherical NMO material presented in this work was subsequently shown to be
suitable for a full-cell setup combined with a NasV1002s polyoxometalate as anode in a

different puplication.[27]

Even though ex-situ XRD measurements indicated that the pristine structure is largely
maintained for both materials during cycling, structural reasons for the difference in

capacity and cycling stability could not be excluded.

In summary, a positive effect of morphology optimisation on capacity and cycling
stability has been shown for the P2-layered manganese oxides for the first time. A two-
step synthesis route to obtain the spherical morphology of this material class was
introduced for NIB materials. The spherical morphology was preserved better over the
course of cycling than the flake-like morphology. Suggested reasons for this
improvement are better accommodation of volume changes, enhanced penetration of

the electrode material by the electrolyte and better electrical contact in the electrode.
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ABSTRACT: Due to its potential cost advantage, sodium ion batteries could
become a commercial alternative to lithium ion batteries. One promising
cathode material for this type of battery is layered sodium manganese oxide. In
this investigation we report on the influence of morphology on cycle
performance for the layered Na,MnO,,,. Hollow spheres of Na,MnQO,,, with a
diameter of ~S pm were compared to flake-like Na,MnO,_,. It was found that
the electrochemical behavior of both materials as measured by cyclic
voltammetry is comparable. However, the cycle stability of the spheres is
significantly higher, with 94 mA h g~ discharge capacity after 100 cycles, as
opposed to 73 mA h g™' for the flakes (50 mA g™'). The better stability can
potentially be attributed to better accommodation of volume changes of the
material due to its spherical morphology, better contact with the added
conductive carbon, and higher electrode/electrolyte interface owing to better

ndance F{lﬁoo ppm

3
"
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=
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Spherical Na,MnOm“h“' o

Superior morphology

wetting of the active material with the electrolyte.

KEYWORDS: sodium ion battery, energy storage, sodium manganese oxide, spheres, morphology

1. INTRODUCTION

Electrochemical energy storage technologies have become an
important field of research, as the need to flexibly store
electricity has greatly increased over the last years. This can be
seen in a variety of areas in everyday life, from portable
consumer electronics like laptops and smartphones, electrically
powered vehicle to boost electro mobility, to the need of large-
scale energy storage to smoothen erratic fluctuations of
electricity generated by renewable sources.

Over the last years and decades, the intercalation-based
lithium ion battery (LIB) technology has been at the centre of
this research, due to its high power density and capacity.
However, as the necessity for flexible and affordable energy
storage pervades more and more areas, relying on this
technology might pose several problems. First, with a crustal
abundance of 10 ppm,' lithium resources are limited, and
hence, it is uncertain whether these resources can sustain a
considerably elevated demand. Moreover, as LIBs are already a
relatively expensive technology, a significantly higher demand
could increase prices even further. Therefore, research has
recently also focused on alternative energy storage technolo-
gies. One promising candidate is sodium ion batteries (NIB).
NIB is based on the same working principle as LIB but uses
sodium as the electroactive species.””’ With a crustal
abundance of sodium of 26 000 ppm, (see abstract graphic)®
both availability and price make NIB a promising option to

-4 ACS Publications  © 2014 American Chemical Society
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complement (or even eventually replace) LIB in certain areas.
Furthermore, in contrast to LIB which uses copper as anode
current collector, NIB can use the cheaper and more abundant
Al, as it does not alloy with Na.®7'° However, one inherent
disadvantage is that sodium compounds usually provide lower
performance. Several classes of cathode materials have been
studied in the field of NIB. NaFePO, provides a high cycle
stability and acceptable capacity.'' Different (sodium) vana-
dium oxides were studied and show promising performances.
NaV¢Oy;, for example, provides 142 mA h ¢!, and NaV,0;
delivers a capacity of 200 mA h g™.">”" Jian et al. recently
showed that Na;V,(PO,); is a promising material,'® and Xu et
al. published a study on Na;V,0,(PO,),F/graphene, which
shows a high intercalation potential (>3.5 V), combined with a
good capacity and stability.'® Layered oxides are among the
most promising materials to deliver the performance required
for practical applications.”®™®" Vassilaras et al, for example,
recently reported approximately 160 mA h g' for
NaNi1/3C01/3Fe1/302,32 and Wang et. al. published a work of
Nay 5[ Lig,Tig 73] O, as an anode material with a low volume
change, in which they also studied the position of Na in the
interlayer.33 Within this class of materials, sodium manganese
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based oxides have received special attention, as manganese is
relatively abundant.! Furthermore, these compounds have
shown that they are able to deliver considerable capacities.** >

Various attempts have been made to improve specific
characteristics (e.g,, cycle stability) by partially substituting
manganese with other transition metals like Co, Ni, or
Fe.'%”7* Yabuuchi et al, for example, reported good
capacities and stabilities for Na,Fe,,,Mn, /202.10

A different approach to decrease capacity fading is
optimization of the morphology. Hollow spherical nano-
structured morphologies possess favorable characteristics such
as high surface-to-volume ratio, low density and low co-
efficients of thermal expansion as compared to their bulk
micrometer sized counterparts. For example it has been shown
that for LiNiysMn, O, LiMn,O, and ZnMn,O, spherical
particles considerably enhance cycle stability in LIB applica-
tions.**~*

In this publication, we demonstrate that this approach is
beneficial in the field of sodium ion batteries, in general, and
sodium manganese oxides in particular. For this purpose, we
will first describe the synthesis of spherical sodium manganese
oxides along with physical characterization studies such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM).We have evaluated
the electrochemical performance of this material and compared
it to a sodium manganese oxide that has been synthesized
through a different route, which yielded a flake-like
morphology. We present in this work the effect of morphology
on the electrochemical performance of sodium manganese
oxide (NMO) in sodium ion batteries.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Spherical NMO was synthesized using spherical
MnO, as precursor, which was synthesized according to a slightly
modified procedure described by Li et al.** Spherical MnO, was
synthesized by first dissolving NH,HCOj; in deionized water. Then, a
small amount of ethanol (10% volume of the NH,HCOj solution) and
a solution of MnSO, in deionized water was added dropwisely. During
the subsequent stirring at room temperature, spherical MnCO; was
forming. The precipitate was filtrated, washed repeatedly with water
and ethanol, and afterwards annealed in air for S h at 400 °C to give
spherical MnO,. Next, this was added to a solution of NaOH in
deionized water and ethanol to give a dispersion. Both water and
ethanol were evaporated, and the residue was annealed in air for 3 h at
320 °C, followed by 4 h at 800 °C to give the targeted spherical
sodium manganese oxide.

Flake-like NMO was synthesized as described previously by our
group.37 Sodium nitrate (Sigma-Aldrich, >99%), manganese acetate
(Alfa Aesar, anhydrous, 98%), and gelatin were dissolved in deionized
water and nitric acid (>69%, Honeywell). The solution was heated to
250 °C until spontaneous combustion set in. Subsequently, the
product was annealed in air for 4 h at 800 °C to give the flake-like
NMO.

2.2. Characterization. The crystal structures of the products were
verified by powder X-ray diffraction, using a Bruker X-ray
diffractometer with Cu Ko radiation. 26 was varied within a range
of 10° < 20 < 80°, using a step size of 0.02° and 0.9 s per step. The
Topas software (version 3) was used to conduct a phase analysis. The
product morphologies were analysed by field emission scanning
electron microscopy (FESEM, JEOL JSM-7600F) and transmission
electron microscopy (TEM, JEOL 2100F, 200 kV). Elemental
compositions were determined by micro X-ray fluorescence analysis
(XRF, Bruker/M4 Tornado), using Rh as X-ray source (50 kV, 200
pum).

2.3. Electrochemistry. The composite electrodes were prepared
by mixing NMO with acetylene black (Alfa Aesar, > 99%) and
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polyvinylidene fluoride (PVDF, Arkema, Kynar HSV 900) binder in
the weight ratio 60:20:20 with N-methyl-2-pyrrolidone (NMP) to
form a homogeneous slurry. This mixture was coated on an Al foil
using a doctor blade; the coating was dried in air at 80 °C to remove
the NMP. The coating was punched into pieces with a diameter of 16
mm, which were then roll-pressed, so that the electrodes prepared
from flake-like and spherical NMO had comparable packing densities.
Subsequently, they were dried at 110 °C under vacuum. These
electrodes were then assembled in 2016 coin cells with circular
metallic sodium pieces with a diameter of 16 mm as the anode, and
glass fibre (Whatman) as the separator. A 1M solution of NaClO,
(Sigma—Aldrich, >98%) in a mixture of ethylene carbonate and
propylene carbonate (1:1 wt %; EC, Sigma-Aldrich, 99%; PC, Sigma-
Aldrich, >99.7%) was employed as electrolyte. Cyclic voltammetry was
measured using a BioLogic potentiostat, and a Neware battery tester
was used for galvanostatic charge/discharge tests.

3. RESULTS

3.1. Morphology and Structure. Spherical MnO, (Figure
la and b) was synthesized as a precursor for spherical NMO.
The MnO, spheres are approximately 5 ym in diameter and

Figure 1. (a and b) SEM image of spherical MnO,, (c and d) SEM
image of spherical NMO, (e) TEM image of spherical NMO, (f) SEM
image of a spherical NMO electrode after 100 cycles, surrounded by
PVDF binder and acetylene black, (g) SEM image of flake-like NMO
electrode before cycling, (h) SEM image of a flake-like NMO electrode
after 100 cycles, surrounded by PVDF binder and acetylene black.
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consist of fused, cubic crystallites. Sodium manganese oxide
maintains this morphology (Figure 1c). However, during the
synthesis process, some of the spheres seem to have opened up.
Thus, a cross-section became visible (Figure 1d), indicating that
the spheres are hollow, and that the shells are composed of
sodium manganese layers with a thickness of several hundred
nanometers. TEM pictures (Figure le) confirm that the
spheres are hollow. Moreover, they indicate polycrystallinity
of the material. After 100 cycles, the morphology is maintained
(Figure 1f). Although minor cracks are visible, the spheres are
preserved. The flakes, however, do not maintain their initial
morphology. Figure 1g shows flake-like NMO on an electrode;
after 100 cycles (Figure 1h), the flakes appear degraded and
fused, indicating that morphology is degrading during cycling.
The flake-like NMO shows the same morphology as described
previously, that is, layered flakes with a cross-section of several
hundred nanometers (see inset in Figure 1g).”” BET
measurements showed a comparable surface area of approx-
imately S m* g~'. However, the macropores in the spheres
(Figure 1d, e) can contribute to better wetting of the active
material with electrolyte.

For both morphologies, NMO was synthesized in the layered
P2 structure (space group P6immc). The crystal structure
consists of layers of MnOg octahedra, while the sodium ions
occupy two different triangular prismatic sides in between these
layers. This was confirmed by XRD measurements (Figure 2).
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Figure 2. XRD pattern of the flake-like and spherical NMO.

The patterns for layered and spherical NMO, which were
synthesized via similar annealing procedures, show that both
materials have the same phase, albeit the flakes are more
crystalline than the spheres. The crystallite size of the flakes, as
estimated by the Debye—Scherer equation on the peak half
maximum for different peaks, exceeds the crystallite size of the
spheres (22—36 nm vs 4—20 nm). P2-type sodium manganese
oxide occurs in the  and the ff form. The XRD pattern of the
synthesized spherical material corresponds to the a form; the
additional small impurity peak at 20 = 32° can be attributed to
the B form. As the oxygen content slightly varies for these two
different forms, we write the chemical formula as Na,MnO,,,,
with 0 < z < 0.25." XRF measurements showed that, initially,
x = 0.8 for the spheres, and x = 0.6 for the flakes. The unit cell
volume changes, according to Patoux et al,, by approximately
1% upon (de-)insertion of 0.1 Na.*®
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3.2. Electrochemistry. Figure 3d shows the cyclic
voltammogram (CV) of spherical NMO at a scan rate of 0.1
mV s™', which is remarkably similar to the CV of the layered
NMO discussed earlier.>” The main oxidation peak occurs
around 2.45 V, and the corresponding reduction peak around
222 V. At higher voltages, several oxidation and reduction
peaks are visible, which can mainly be attributed to phase
transitions due to ordering process of the sodium ions between
the two different triangular prismatic sites.

In the cycling profile of spherical NMO for S0 mA g/, as can
be seen in Figure 3a, the significant peaks that can be seen in
the CV can be observed as well. The dominating feature is the
plateau around 2.3 V. As the half-cell is charged first, a certain
amount of sodium is removed from the NMO structure. The
observed capacity in the first charge is 47 mA h g~', which
corresponds to 0.27 Na* per formula unit. The structure of this
material varies with its sodium content—from the structure at
hand, Na* can be removed until a stoichiometry of ca. Nag,, is
reached.*® Thus, in the first charge Na* can potentially be
removed from the structure with the initial composition only
until this barrier, which is why the capacity is rather low. Upon
discharge, the structure is filled with sodium, which is removed
in subsequent charge cycles. Thus, subsequent charge capacities
are considerably higher. The first discharge capacity is 161 mA
h g™!, which decreases to 120 mA h g™" after 50, and 94 mA h
g~! after 100 cycles.

Flake-like NMO shows a slightly lower capacity for both
initial charge (34 mA h g™') and discharge (140 mA h g™') as
compared to the spherical NMO. These values for initial
discharge capacities for both spherical and flake-like NMO are
comparable to previously reported capacities of layered
oxides.>>*”?? The initial charge capacity of the NMO flakes
is slightly decreased as compared to our previous work,”” which
hints at a lower initial sodium content. However, as the (de-
)insertion of Na' is reversible, this difference should be
compensated upon the first charge. Similarly, as both the
spheres and the flakes were first charged, a common baseline is
created as all the sodium that can be deinserted from this P2
structure in this voltage range is removed, so that after the first
charge the Na-content for spheres and flakes should be similar.
For our experiments, the electrolyte used was a mixture of
ethylene carbonate and propylene carbonate (1:1 wt %), which
resulted in a better cycle stability as compared to the previously
reported electrolyte without ethylene carbonate. For the flakes,
a discharge capacity of 87 mA h g™' was observed after SO
cycles, and 73 mA h g ™" after 100 cycles (see Figure 4). After 20
cycles, a capacity of 105 mA h ¢! can be achieved, which
indicates a better stability than previously reported NMO.>
This can probably be attributed to the addition of ethylene
carbonate to the electrolyte.*’~*

However, a significant difference in cycle stability can be seen
between the spherical and the flake-like NMO, with the spheres
providing 120 mA h g™" after 50 cycles as opposed to 87 mA h
g~! for the flakes, and 94 mA h g™" as compared to 73 mA h g™
after 100 cycles, respectively (Figure 4). Thus, a higher capacity
can be maintained for the spherical morphology.

Moreover, more pronounced plateaux at higher voltages (i.e.,
above 2.3 V) were observed when changing the morphology
from flake-like to spherical (Figure 3b). Thus, it seems that
transformations occurring at these voltages can be Dbetter
addressed and exploited with hollow spheres. As can be seen in
the direct comparison of the cyclic voltammograms of spherical
and flake-like NMO (0.1 mV s™', Figure 3d), both materials
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Figure 3. (a) Charge/discharge profile of spherical NMO at 50 mA g™'; half-cell vs Na in 1 M NaClO, in propylene carbonate/ethylene carbonate
(1:1 wt %); (b) discharge profile of spherical (black) and flake-like (green) NMO at 50 mA g™ ; (c) state of discharge profile of spherical (black) and
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Figure 4. Cycling behavior of NMO at 50 mA g~'; black, spherical;
green, flake-like.

exhibit the same peaks, although they are significantly more
pronounced for the hollow spheres, which corresponds to the
discharge profiles. Thus, similar redox reactions, phase
transformations or ordering processes occur in both materials;
they are not suppressed in the flake-like material. An interesting
feature in these CVs is that for the hollow spheres, the main
reduction peak occurs at 2.22 V with a small shoulder peak at
2.05 V, whereas for the flakes the main peak is at 2.15 V with a
small shoulder peak at 2.20 V. Even though a small shift can be
attributed to polarization effects, it is noticeable that the peak
intensity seem to have switched: a main peak with a shoulder at
a higher voltage for the flakes, and a shoulder peak with a main
peak at a higher voltage for the spheres.
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This, together with the increased total capacity, results in an
increase in energy density. The energy density was increased
from 322 W h kg™' (flakes) to 408 W h kg™" (spheres), which
corresponds to an increase of 27%. When normalized to state of
discharge (Figure 3c), it can be seen that this increase is to a
large extend (34%) attributable to a better exploitation of
insertion processes, resulting in increased capacity for these
processes.

Moreover, the hollow spheres also show remarkable
capacities at higher current rates (Figure S). Although the
initial capacities decrease with increasing current rate, capacities
seem to converge after 100 cycles. Therefore, this material is
well suitable for applications for which fast discharge is
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Figure S. Cycling behavior of spherical NMO at different current rates.
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necessary. The influence of current rate on capacity can be seen
in Figure 6 for both flake-like and spherical NMO.
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Figure 6. Cycling behavior of NMO; black (upper curve), spherical;
green (lower curve), flake-like.

This conclusion that hollow spheres exhibit a higher cycle
stability than other morphologies has also been found for
materials of other chemical compositions.*'™* Several argu-
ments for this behavior have been introduced. First, hollow
spheres can more easily accommodate the volume change that
is inherently caused by the (de-)insertion of lithium or sodium
into (from) the host structure. Thus, morphology is maintained
over a longer time, resulting in higher cycle stability. Especially
for sodium (de-)insertion, which distorts the structure to an
even greater extent, this characteristic is highly significant. This
assumption has been verified by opening a cell that had been
cycled for 100 cycles at 200 mA g' and examining the
morphology. As can be seen from Figure 1f, the spherical
morphology is retained throughout cycling Thus, the inherent
advantages of this morphology are retained as well. Moreover,
as opposed to bulk materials, hollow spheres distinguish
themselves through singular particles with defined boundaries,
which enhances uniform mixing with the added conductive
carbon. This could lead to a longer-lasting contact between the
active material and the necessary conductive carbon, resulting
in better cycle stability. Another effect is that the electrolyte
penetration is enhanced, and thus, the diffusion pathway for
sodium ions is shortened. Better crystallinity can be ruled out as
a potential factor for the superior performance of the spheres as
crystallinity is higher for the flakes (see section 3.1). As shown
previously, cycle stability can potentially be improved even
further by partially substituting manganese with other metals,
such as cobalt.*’

4. CONCLUSION

Different synthesis routes that yield different morphologies of
sodium manganese oxide were explored. Specifically, flake-like
and spherical sodium manganese oxide with the same P2-type
crystal structure were obtained. Both materials show the same
electrochemical behavior as measured by cyclic voltammetry,
while the spheres provide slightly higher discharge capacities
(140 vs 161 mA h g/, respectively) for a current rate of S0 mA
g~'. After 100 cycles, a higher discharge capacity could be
maintained for the hollow spheres (94 mA h g™' as opposed to
73 mA h g7'). Moreover, energy density could be increased by
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27%, due to an increase in capacity, especially based on more
pronounced plateaux at higher voltage regions. As both
materials have been tested under the same conditions, it can
safely be assumed that the spherical morphology is responsible
for the increase in cyclability, probably due to better
accommodation of volume changes, better contact with the
conductive carbon, and shortened sodium ion diffusion
pathways. Even for higher current rates, spherical NMO
shows remarkable cycle stability so that, for example, after
100 cycles, 84 mA h g™ can still be achieved for 200 mA g

Therefore, we have proven that a change in morphology
towards spheres does not only work for LIB systems but also
for sodium ion batteries. Moreover, we have demonstrated that
spherical, P2-type NMO is a suitable sodium ion battery
cathode material for applications that require high capacities

and cycle stability.
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Figure S1 shows the (ex-situ) XRD of the flake-like and
spherical NMO after cycling, indicating that the main structure
is largely maintained and small transformations occur for both
materials. The impurity peak at 20 = 13 can be attributed to the
birnessite structure, which was probably formed while handling
the sample in atmosphere. Figure S2 shows SEM images of the
flake-like NMO after cycling to substantiate the claim that the
particles that can be seen in Fig. 1h are indeed NMO. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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Figure S1: XRD of flake-like and spherical NMO after cycling



Figure S2: SEM images of flake-like NMO after cycling



4.3 Electrochemical Cell for in operando X-ray Diffraction

Measurements on a Conventional X-ray Diffractometer

This chapter is a summary of the note “Electrochemical cell for in operando X-ray
diffraction measurements on a conventional X-ray diffractometer” (Review of Scientific
Instruments 2014, 86, 086102-1 - 3). The cell was the first in operando tool developed
for a lab scale XRD in Singapore and is being utilised now for a variety of
measurements on LIBs and NIBs. This work was jointly performed by S. Hartung and
N Bucher. S. Hartung focussed on the verification and testing of the cell and drafted the

manuscript. N. Bucher focussed on the development and construction of the cell.

As noted before, structural developments of the aforementioned electrode materials
during cycling can be a crucial factor for observed electrochemical phenomena, such as
differences in capacity or cycling stability. The method of choice for monitoring
structural changes as a consequence of Nat*-(de-)insertion into / from a crystal
structure is X-ray diffraction. As these processes are incremental, a continuous
screening of structural developments is favoured over probing several samples at
various states of charge. Not only does this provide a more complete picture, but it also
eliminates comparability and reproducibility problems that typically arise for ex situ
measurements for which different cells have to be used. Thus, electrochemical in
operando measurements of battery materials possess an inherent advantage in

determining structural changes.

Therefore, an electrochemical in operando XRD cell, which can be employed for
measurements at laboratory scale diffractometers, was developed. Typically the
incorporation of an X-ray window will keep the cell airtight to prevent reactions with
the materials (e.g. alkali metal), is rather X-ray transmissible and also acts as current
collector. However, the X-ray window causes reflections that can overlap with
reflections from the material, and still absorbs X-rays which reduces signal intensity.
Therefore, in most constructions the toxic and carcinogenic beryllium is used as it has a
very low X-ray absorbents coefficient and only a few interfering reflections. In the
construction presented here, the two functionalities for the current collector and the X-

ray window are separated. This has two effects:
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1) Currents during the measurement are not dissipated via the X-ray window,
which reduces corrosion and thus extends the life-time of the window and
potential duration of measurements

2) Requirements in term of mechanical stability are reduced for the X-ray
window, as the pressure when closing the cell / in operation is accommodated

by the current collector.

The in operando cell was constructed to account for these factors (Chapter 4.3,
Figure. 1 of the publication). Moreover, the spacer supporting the alkali metal anode
was constructed in a ‘flower’ shape, so that lateral movement is inhibited, and excess
electrolyte can leave the inner part of the cell when closing it, which further reduces
stability requirements for the X-ray window. As a consequence, ultrathin Al foil with a
thickness of 6 um can be used as X-ray window. Thus, X-ray absorption is reduced and
the toxic beryllium can be avoided. Moreover, in contrast to the often used
mechanically more stable Kapton, Al gives only few, defined reflections, which reduces
overlap with material reflections and thus facilitates the analysis. First in operando
measurements over a duration of 100 hours confirmed the operability of the cell for
Nazs55V6016 as a cathode material for NIB. Particularly for NayMnO,, excellent signal

quality and signal to noise ratio has been demonstrated.

In summary, a new in operando X-ray diffraction cell was constructed which can be
employed on a common lab diffractometer. Excellent diffraction data can be obtained

by the use of non-toxic and cheap materials.

In addition to the data presented in this publication, operando measurements of NMO
flakes were conducted (presented in Chapter 4.1). Although a phase chance is indicated
(Figure 14), the identification was not clear, which was attributed either to insufficient
resolution of the laboratory diffractometer, or to the fact that these measurements are
done in reflection mode, which means that the bulk materials was not probed.
Therefore, the need for transmission measurements with higher resolution was

identified; this is discussed in the next Chapter 4.4.
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Electrochemical in operando X-ray diffraction (XRD) is a powerful method to analyze structural
changes of energy storage materials while inserting/de-inserting charge carriers, such as Li- or Na-
ions, into/from a host structure. The design of an XRD in operando cell is presented, which enables
the use of thin (6 um) aluminum foil as X-ray window as a non-toxic alternative to conventional
beryllium windows. Owing to the reduced thickness, diffraction patterns and their changes during
cycling can be observed with excellent quality, which was demonstrated for two cathode materials
for sodium-ion batteries in a half-cell set-up, P2-Nay 7MnO, and Na; 55V014-0.6H,0. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4926465]

As electrochemical energy storage devices are being
intensely researched for a variety of applications, approaches
to optimize their performance are of high commercial interest.
The underlying mechanism of energy storage for many sys-
tems is the intercalation of ions, e.g., Li* and Na*, into a
given crystal structure.! Thus, elucidating potential struc-
tural changes during (de-)insertion might go a long way in
explaining observed electrochemical phenomena like capacity
fading, and therefore deliver important information for better
energy storage devices. Consequently, experimental setups
have been developed to study these changes in operando.*°
For the observation of crystal structure changes, the method
of choice is X-ray diffraction.

For electrochemical in operando XRD measurements, a
setup needs to fulfill several requirements. An airtight system
is crucial to prevent a reaction of air with the components of
the electrochemical cell, particularly for half-cell setups that
contain metallic lithium or sodium. The window, shielding
the electrochemically active components from the outer
atmosphere, should be as thin as possible and needs to
have a low X-ray absorption coefficient to minimize X-ray
absorption, and thus a decrease in signal intensity. Ideally, of
course, non-toxic materials are preferred.

Even though commercial cell setups are available, they
have some shortcomings. In a typical setup, the active material,
which is to be measured during cycling in a half-cell setup
with lithium or sodium as the negative electrode, is pressed
onto the X-ray window. This is typically aluminum-coated
beryllium, which serves both as current collector and as X-ray
window due to its low X-ray absorption coefficient. Moreover,
as the active material is mechanically pressed against the X-ray
window, mechanical stability is desired to prevent fissures in
the window. This can be achieved by using a rigid beryllium
window with a typical thickness of around 125 ym. The main

a)g, Hartung and N. Bucher contributed equally to this work.
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drawbacks of beryllium, however, are its toxicity and high
cost. Furthermore, dissipating the current via the beryllium as
it is the case in this setup makes the window more susceptible
to electrochemically induced corrosion, as beryllium dissolves
at voltages above 3 V.7 After early studies by Chianelli et al.
in 1978,% several approaches to tailor in operando XRD cells
to specific needs have been proposed.>’-1?

This work presents a new cell setup developed by our
group to address the obstacles for in operando diffraction
measurements mentioned above. In this cell, the X-ray window
and current collector are separated by a gap (see Figure 1 (8)).
This setup has two main advantages. First, as the current is no
longer dissipated via the X-ray window, corrosion is decreased
and lifetime of the window, and thus possible in operando
measurement time, can be extended. Second, mechanical pres-
sure during cell assembly and subsequent cycling is no longer
exerted on the X-ray window, but on the current collector.
Thus, requirements in terms of mechanical stability can be
greatly reduced for the X-ray window. As a consequence,
beryllium can be replaced by the cheaper, non-toxic aluminum.
Moreover, the thickness of the X-ray window can be reduced,
so that X-ray reflection of the window material is minimized,
and signal quality of the battery material is enhanced.

For the approach presented here, an aluminum foil with a
thickness of 6 um was used. The active material, together with
teflonized acetylene black as binder, and activated carbon as
conducting agent, was pressed into a stainless steel grid, which
acted as the current collector (component (7) in Figure 1).
After mounting the window (i.e., assembling parts (1)—(5)),
the cell is turned around so that the inner part faces upward,
and component (7) is placed onto (5), and then held in place by
(13). A separator and lithium/sodium disc are placed onto (7),
followed by a stainless steel spacer (12) in a floral shape—the
outer edges touch the walls (component (13)), which inhibits
lateral movement and prevents the electrodes from slipping out
of position. The indentations ensure that the electrolyte, which
is added after (12) is in place, can penetrate past the spacer and

©2015 AIP Publishing LLC
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(2) Serews (3) Flat outer ring of
the in operando cell

for stabilization

(4) Flat gasket

(1) X-ray window
(aluminum)

(5) Additional steel ring
(6) O-ring to seal the inner
part of the cell

(7) Current collector: stainless steel
mesh with electrode material

(8) Gap between X-ray window and
current collector

(9) Spring to modulate pressure

(13) Tube to fix
current collector,
electrically
insulating

(10) Stainless steel stamp
(12) Floral shaped (11) Sealing shim “TH 1 —

P spacer with sodium of T

lithium foil

FIG. 1. Setup of the new in operando cell.

soak the separator and active material. These components are
pressed together when closing the cell. Excess electrolyte can
“leave” the inner part of the cell due to the indentations, which
avoids pressure on the aluminum foil. Moreover, due to the
steel ring (5), onto which the current collector is pressed, this
pressure is accommodated without effect for the aluminum
foil. For the lower part (blue (color code refers to online
version) components in Figure 1), a setup rebuilt from a
conventional commercial setup was used.'? X-ray diffraction is
measured in reflection mode from above, as the active material
to be measured is exposed to X-rays due to the use of a stainless
steel mesh. As the active material is slightly below the X-ray
window, the outer stainless steel ring (3) needs to be flat to
avoid reflection of incoming X-rays by the ring at small angles.

This in operando cell setup has been tested for various
materials on a conventional Rigaku SmartLab X-ray diffrac-
tometer (200 mA, 45 kV) in reflection mode, with copper
as X-ray source. One example is P2-Nay;MnO, (NMO),
a promising material for sodium-ion batteries.'*!> Figure 2
shows the X-ray diffraction patterns of NMO in powder form,
and of a pellet, which was prepared in the way described above

Al foil
N A A

Pellet in in operando cell
_JQ__L»LAJ JUN
___J pow‘der | I I \ I

10 20 30 40 50 60 70 80
201/°

FIG. 2. X-ray diffraction pattern of P2-Nag 7MnO; powder (bottom), a pellet
with P2-Nag 7MnO,, teflonized acetylene black, and activated carbon (8:1:1
weight) on a stainless steel grid in the in operando cell (middle), the alu-
minum window (top).

Rev. Sci. Instrum. 86, 086102 (2015)

and built into the in operando XRD cell; the pattern of the
aluminum used as X-ray window is added as reference. As can
be seen, the pattern is well visible. The high signal intensity
and excellent signal-to-noise ratio allow the monitoring of
shifts of the observed reflections, or phase transformations,
during cycling. The X-ray window does not reduce signal
intensity detrimentally, and the well-defined reflections of the
aluminum only hinder analysis in the rare case when a material
has reflections in the same narrow angle range.

A good example for the easily observable shifts of the
observed reflections is Na, 55V¢016-0.6H,0,'® which was
cycled vs. Na in the presented setup with 1M NaClOy (Sigma
Aldrich, >98%) in ethylene carbonate: propylene carbonate
(1:1 % wt) as the electrolyte (PC: Sigma Aldrich, 99.7%, EC:
Sigma Aldrich, 99%).

Figure 3(a) shows the XRD pattern of a Najy 55VO4-
0.6H,0 pellet in the in operando cell. Figure 3(b) shows
reversible shifts during electrochemical cycling for selected
reflections in the range of 26 = 26.5°-31°, which comprises
reflections of diverse intensities. The color code represents the
height profile, with blue (color code refers to online version)
being the “noise,” i.e., only background reflection.

As can be seen, reversible shifts of the observed reflec-
tions are clearly observable, which can give new insights
into changes of the lattice parameters, and thus enhance
the understanding of the expanding and shrinking unit cell

a)

40 50 60

in operando
XRD cell

27 28 29 30 31 50 40 30 20 1.0
20/° Voltage vs. Na|Na*/V

FIG. 3. (a) XRD pattern of Nay 55V016:0.6H,0 in the in operando cell;
(b) in operando XRD measurement for 5 cycles at 10 mA g~'; left: reversible
shifts of the observed reflections, right: representative charge/discharge curve
in the in operando cell (solid line) and in a coin cell (dashed line).
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during Na-ion insertion and de-insertion. This can be nicely
correlated to the electrochemical charge/discharge data as
presented on the right side of Figure 3(b), which also
corresponds well with similar measurements in an established
coin cell setup (solid line: in operando cell, dashed line: coin
cell). Quantitative analyses to study this from a scientific,
not instrument-focused point of view will be concluded
shortly.

In summary, we have designed, constructed, and verified
a new setup for electrochemical in operando X-ray diffraction
measurements using a conventional X-ray diffractometer. The
setup is based on a separation of X-ray window and current
collector, which enables the use of non-toxic and cheap
ultrathin aluminum foil, and thus ensures excellent signal
quality. This facilitates the examination of structural changes
while electrochemically inserting/deinserting Li- and Na-ions
into/from a host material. Consequently, a deeper under-
standing for structural processes during charging/discharging
battery materials can be obtained. These insights can be used
to develop strategies to mitigate capacity fading in energy
storage materials.
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4.4 P2-NaxCoyMni.y0:2 (y = 0, 0.1) as Cathode Materials in Sodium-
Ion Batteries - Investigation of Doping and Morphology to

Enhance Cycling Stability

This chapter is a summary of the manuscript entitled “P2-NasCoyMn1.,0; (y = 0, 0.1) as
Cathode Materials in Sodium-Ion Batteries - Investigation of Doping and Morphology
to Enhance Cycling Stability” (submitted to ACS Chemistry of Materials). It is mainly
based on synchrotron measurements that were performed at the Stanford Linear
Accelerator Center (SLAC) and aims at obtaining a better understanding of the causes
for different cycling stabilities. N. Bucher was leading the work that is presented in this

publication.

As indicated in previous chapters, structural processes that occur during
Na+*-(de-)insertion play a crucial role for capacity and cycling stability. Therefore,
electrochemical in operando synchrotron XRD was employed to investigate similarities
and differences regarding structural processes during cycling between the
isostructural NayMnOz., (NMO) flakes, NaxCoo1MnO2., (NCO) flakes, and NayMnO3.,
spheres. Ultimately, the two routes to optimise cycling stability, Co-doping
(Chapter 4.1) and morphology optimisation (Chapter 4.2), are combined. It is shown
that NaxCoo.1MnO:z., spheres are superior, with regard to capacity and cycling stability,
to the aforementioned materials. Thus, cycling stability increases in the following

order: NMO flakes < NCO flakes < NMO spheres < NCO spheres.

At first it was ruled out that manganese dissolution (a widely discussed phenomena for
Mn-materials(130.131]) could be a reason for the capacity loss. Structural investigations
have revealed that during discharge, i.e. Na*-insertion, NMO flakes undergo a partial
phase transition. The initial hexagonal phase transforms into a new orthorhombic
phase (so-called P’2-phase) with the Cmcm symmetry. The phase change is caused by a
gliding of the layers of MnOs-octahedra. Even though this phase transition is reversed
during de-insertion of Na*, capacity fading can be attributed to structural stress from

repeated phase transitions during cycling.

The Co-doped analogue, NCO flakes, does not show this phase change. Hence, it is
concluded that Co-doping has as stabilising effect on the structure during cycling and

suppresses not only Na*-ordering between the layers of MnQOs-octahedra, but also the
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phase transition towards the P’2-phase. This is one possible explanation for the

increase in cycling stability over the NMO flakes.

The same effect was also observed for the new presented NCO spheres in an
in operando XRD experiment - the material maintains its hexagonal structure
throughout cycling. As neither NCO flakes nor NCO spheres show phase changes during
discharge, these two materials were taken as models to explain the difference in
cycling stability between the flake-like and the spherical morphology. It has been found
that volume change of the unit cell is significantly reduced as compared to the
expansion of the unit cell for NCO flakes during Na*-insertion. At the same time,
comparison of the development of the full with at half maximum indicates that the
strain is higher. Therefore, it is concluded that accommodation of Na* into the host
structure by an increase in strain results in a less detrimental effect than an expansion
of the unit cell. As similar differences in changes of the unit cell volume was found for
the undoped analogues, the same explanation is assumed to be valid. This helps explain
the superior cycling stability of the spherical morphology and a better accommodation

of higher sodium content in the host structure.

These findings have been substantiated by GITT and EIS measurements. Not only are
the changes in the diffusion coefficient for Na+* in line with the phase changes observed
from XRD. It was also confirm the Co-doping has a positive influence on Na-transport
within the structure, which leads to a superior rate capability and can be another

reason for the improved cycling stabilities of the Co-doped materials.

In summary, the main reasons for the success of these two strategies were identified.
Cathode material with spherical morphology seems to accommodate cycling stresses
better, and Co increases stability by supressing phase changes and sodium ordering, as
well as improving Na*-mobility within the active material. A combination of both
approaches led to a superior material which exceeds most literature values (compare

also Chapter 2.3.1).
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ABSTRACT: Sodium-ion batteries have become a subject of increasing interest and are considered as an alternative to the
ubiquitous lithium-ion battery. However, capacities, and particularly cycling stability of electrodes need to be improved.
One prominent material class is layered Na,MO,,, (M: transition metal), for which various strategies, such as morphology
optimization and doping, have been previously presented by our group. In this work, structural processes as a conse-
quence of Na” insertion into Na,MnO,,, flakes and spheres, as well as Na,Co,,Mn, ,0,,, flakes and spheres, have been in-
vestigated using operando synchrotron X-ray diffraction. The higher cycling stability of the Co-doped version is attributed
to the suppression of transformation and ordering processes as compared to the pristine Na,MnOQO,,,. Moreover, galvanos-
tatic intermittent titration technique measurements and electrochemical impedance spectroscopy indicate higher con-
ductivity of Na-ions in the structure of the doped material. Increased cycling stability of spheres over flakes is attributed
to smaller changes of the unit cell volume of the spheres and thus reduced structural stress. The combination of both
strategies - morphology optimization and Co-doping - yield spherical Na,Co,,Mn, ,O,,, which exhibits superior perfor-
mance as compared to flakes and undoped materials as well as most similar materials reported in literature.

INTRODUCTION

Sodium-ion batteries (NIBs) have received significant
attention recently, and are considered a viable alternative
to the ubiquitous lithium-ion batteries (LIBs).” NIBs
have a cost advantage over LIBs for two main reasons. Na,
unlike Li, does not alloy with Al in the anodic potential
region. Thus, Cu, which is used as the anodic current col-
lector in LIBs, can be replaced with the cheaper Al for
NIBs.”® Secondly, Na resources are more widespread and
abundant than Li-based raw materials.” One of the most
promising classes of cathode materials is layered oxides,
Na,MO,,, (M = transition metal).””" Within this class,
there are several dominant subgroups, which are defined
on the basis of the coordination of the Na-ions between
the transition metal - oxygen layers. Following the no-

menclature introduced by Delmas et al.,” in O-type mate-
rials, Na* is octahedrally coordinated by oxygen, whereas
in P-type materials, the coordination is prismatic. Differ-
ent stacking, i.e. shifts of the layers composed of edge-
sharing MOg-octahedra against one another, are indicated
by numbers. In a Pz-structure, e.g. two layers of MOg-
octahedra need to be depicted in the unit cell to accurate-
ly describe the structure. First studies on insertion pro-
cesses into these layered oxides have been conducted in
the 1980’s.”7 Recently, particularly P2-type materials are
of interest because of their good compromise regarding
cycling stability and capacity.®™ In these studies, the
predominant transition metal (typically Mn) was partially
substituted by other metals. The variety in terms of com-
position is immense, and is the result of attempts to fine-
tune certain characteristics such as cycling stability, oper-



ating potential, capacity, or cost. Thus, understanding the
effect of those different transition metals on the structure
changes is key to further develop and optimize P2-type
layered oxides as cathodes for NIBs. Ni, for example, is
employed due to its high redox potential, which elevates
the average discharge potential, and thus energy density,
of the material."***” Co in Mn/Co-based layered oxide is
reduced and oxidized in parallel to Mn over the course of
cycling.® Increased cycling stability was obtained by in-
corporating Fe.*" This Fe-doping suppresses minor struc-
tural transitions during cycling and concomitant Na* or-
dering processes and thus increases capacity retention.
Mg both stabilizes the structure by suppressing a struc-
tural distortion towards an orthorhombic phase and a
smoothening of the charge/discharge curves. However,
this is achieved at the expense of capacity.****3° Moreover,
several combinations of the aforementioned materials
have been reported in an attempt to combine the respec-
tive advantages.”**"* It was shown by our group before
that substituting 1% of Mn with Co in the Na,MnO,,,
structure suppresses Na® ordering and leads to an in-
crease of cycling stability.®® The underlying structural
causes are the focus of this publication.

Another influencing factor for NIB performance is syn-
thetic route. Synthesis conditions affect the amounts of
defects in the structure** the morphology, and long-
range order. We found previously that spheres achieve
higher capacity and a better cycling performance than
flakes.® This prompted us to look into the structural as-
pects of this difference. In this work, the effect of Co-
doping and morphology optimization are investigated
using operando synchrotron X-ray diffraction (XRD), as
well as galvanostatic intermittent titration technique
(GITT) and electrochemical impedance spectroscopy
(EIS). Manganese dissolution was shown to have a negli-
gible effect on capacity fading using various analytical
techniques. It is shown that for Na,MnO,,, (NMO) flakes
a two phase region evolves during discharge. Substituting
10% of the Mn with Co suppresses both the Na* ordering
processes and the transition to the orthorhombic phase.
These effects are identified as possible causes for im-
proved cycling performance. Moreover, it is shown that
the enhanced conductivity adds to the positive influence
of a small substitution of Mn with Co. Enhanced cycling
performance of the spherical over the flake-like morphol-
ogy is attributed to smaller changes of the volume of the
unit cell for the spheres. Finally, both approaches were
combined in the synthesis of  spherical
Na, sCo,,Mn, ,MnO,, which shows a significant improve-
ment in cycling stability. Thus, the advantage of a varia-
tion of a previously investigated optimization strategy,
doping, and a novel promising approach, spherical mor-
phologies, were demonstrated.

EXPERIMENTAL SECTION
Synthesis and Coin Cell Preparation

Na,MnO,,, (NMO) and Na,Co,,Mn, ,0,,, (NCO) flakes
were synthesized by combustion synthesis as described
previously.®**>* NaNO, (Sigma Aldrich, > 99%) and
Mn(CH,COO), (Alfa Aesar, anhydrous, 98 %) were mixed
(molar ratio Na:Mn = 0.7) and subsequently dissolved in
deionized water. For NCO, additional Co(NO,), was add-
ed, such that the weight ratio of Na:Co:Mn was 0.7:0.1:0.9.
Concentrated HNO, ( = 69%, Honeywell) was added,
followed by 1.5 g of gelatine. The solution was heated until
spontaneous combustion occurred. The resulting dark
brownish powder was annealed at 8oo °C for 4 hours,
followed by another step at 610 °C for 9 hours and a
quenching step to room temperature. Elemental composi-
tion, as determined by Inductively Coupled Plasma Opti-
cal Emission Spectrometry (ICP-OES), was Na,sMnO,,,
for the NMO flakes and Na,sCo,,Mn, ,O,,, for the NCO
flakes, ‘z’ in the above-mentioned formula unit accounts
for Mn-vacancies and is typically between 0.05 and o.25
for this phase.”

Spherical NMO was synthesized as reported previously,
with a slightly modified annealing procedure.*® NH,CO,
was dissolved in deionized water, followed by a dropwise
addition of ethanol (10% volume of the NH,HCO, solu-
tion) and a solution of MnSO, in deionized water. To
form spherical MnCO,, the solution was stirred at room
temperature. After filtration and subsequent washing, the
product was annealed in air at 400 °C for 5 hours to form
MnO,. Then, it was dispersed in a solution of NaOH in
deionized water and ethanol. Next, both water and etha-
nol were evaporated, and the residue was first annealed at
320 °C in air for 3 hours, followed by an annealing step in
air at 8oo °C for 4 hours, an additional step at 610 °C for 9
hours and finally by a quenching to room temperature.
Chemical composition according to inductively coupled
plasma optical emission spectroscopy (ICP-OES) was
Na,,MnO,,,.

For NCO spheres the same process was employed;
however, CoSO, was added to the MnSO, solution to
achieve 10 % ratio of cobalt in the final product. Chemical
composition according to ICP-OES was
NaoAécoo.ano.gozﬂA

Coin cells (2016) were prepared with metallic sodium as
the negative electrode, and a composite cathode made
from active material, acetylene black (Alfa Aesar, >99%),
and polyvinylidene fluoride (PVDF, Arkema, Kynar HSV
900) coated on aluminum foil with a weight ratio 6:2:2.
Glass fiber (Whatman) was used as a separator. The elec-
trolyte was a 1 M solution of NaClO, in a mixture of pro-
pylene carbonate (PC) and ethylene carbonate (EC) with a
weight ratio of 1:1.

Synchrotron operando XRD was performed with 2016
coin cells with a 3 mm hole drilled through the casing.
Subsequently, they were sealed by Kapton foil with a
thickness of 25 pm and epoxy resin. A Na-metal ring was



used as anode (@ = 16 mm, hole = 3 mm). To ensure a
sufficient amount of active material in the beam's path a
pellet was prepared (~10 mg active material) with tef-
lonized acetylene black as a binder, which was then
pressed onto aluminum foil.

Physical characterization

Synchrotron X-ray diffraction measurements were per-
formed at the Stanford Synchrotron Radiation
Lightsource (beamline 1-3) using an X-ray energy of 12.7
keV (wavelength A = 0.974 A) and a MAR345 area detector
image plate detector (Rayonix). The sample-detector dis-
tance was 166.9 mm, enabling collection of data in the
scattering vector, ¢, range of 0.45 - 5.00 A", where g =
(47sin 6)/A, where A is the X-ray wavelength and 0 is the
Bragg angle. 2D diffraction data was reduced to 1D and
converted to °26 using the GSAS2 software for better
comparability.® In this work, structural developments are
depicted for the first discharge (Figure 3-8). All observed
changes of the lattice parameters and structural transi-
tions were found to be reversible in the subsequent
charge. All operando measurements were conducted be-
tween 3.8 - 1.5 V vs. Na|Na™.

A Rigaku SmartLab X-ray diffractometer with Cu-K, ra-
diation (wavelength 1.54 A) was used for laboratory scale
powder XRD measurements in reflection mode (100 mA,
45kV)

Field emission scanning electron microscopy was per-
formed using a Zeiss Supra 55 FESEM. A Dual-view Opti-
ma 5300 DV system was used for ICP-OES. Energy disper-
sive X-ray spectroscopy (EDS) was performed on a JEOL
JEM-2100. For the atom absorptions spectroscopy (AAS) a
Varian SpectrAA 220FS spectrometer was used.

Electrochemistry

Galvanostatic cycling was performed on a Neware bat-
tery tester system in a coin cell set-up. Galvanostatic cy-
cling for the operando XRD was conducted on a MTI CT-
3008W-5VimA-S1 instrument. It should be noted that
during the initial charge process for the NCO spheres an
interruption in the operando experiment occurred due to
technical difficulties. In typical coin cell tests, doped and
undoped spheres show similar capacities (Figure 2). Gal-
vanostatic intermittent titration technique was performed
on a Biologic VMP3 potentiostat. A constant current pulse
of 50 mA was applied for 200 seconds, followed by an
OCV relaxation period of 5 hrs. When the voltage
changed by less than 2 mV h™ the next current pulse was
applied. The data was analyzed using the equation (1) for
the diffusion coefficient,

. 4 iV \? (%) ?
Equation (1) D = ;(ZAFS) [(:_é)]
where V,, is the molar volume of the unit cell, I is the

applied current, z, is the charge number, F is the Fara-

day’s constant, S is the electrode / electrolyte contact area

. d
(assumed to be the geometric surface of the electrode), d—i

. N dE .
is the slope of the Coulometric titration curve, d_jf is the

slope of the linearized plot of the potential E (V) during
the current pulse. Volume changes during the cycling
process were neglected, as the diffusion coefficient
changes significantly (several orders of magnitude),
whereas the unit cell volume only changes by several %.

Impedance spectroscopy was performed on a BioLogic
VMP 3 with the EC-lab software in a 3-electrode glass cell
set-up, using Na-metal as counter and reference elec-
trode, and the active material (composite cathode) as
working electrode. After charging / discharging to the
respective voltage (50 mA g”) the potential was kept for
30 min, followed by a relaxation step of 2 hrs and the im-
pedance measurement in OCV.

Manganese dissolution analysis

For the manganese dissolution tests a beaker cell (7.5
mL) was constructed. The cathode was an aluminum foil
(50 x 20 mm) coated with the active material covering the
complete outer wall. Relatively large amounts (~ 15 mg) of
NMO flakes, which show the highest capacity fading,
were employed to improve the accuracy of the measure-
ment. The anode was an aluminum wire covered with Na-
metal, which was fixed in the center of the cell. Two lay-
ers of glass fiber separator were placed between anode
and cathode to prevent short circuiting. After adding 6.0
mL of electrolyte the cell was sealed and operated be-
tween 10 and 40 cycles. Afterwards, the metallic sodium
was dissolved in pure ethanol, all cell parts rinsed with
ethanol and combined with the extracted electrolyte. For
EDS, the solution was heated (120 °C) on a copper foil
until a dry black powder was received. For ICP the solu-
tion was acidified and the majority of organic parts where
oxidized under heating (CO, evolution). Afterwards, the
solution was filled to a specific volume with deionized
water in a calibrated flask. For AAS the solutions could be
used as is after filling it up to a specific volume with de-
ionized water. Assuming all capacity loss is attributed to
Mn dissolution, the concentrations should be 22 ppm and
10 ppm in the analysis sample, respectively.

RESULTS & DISCUSSION
Physical characterization

The crystal structures of the as-prepared Na,MnO,,,
(NMO) flakes, NMO hollow spheres, Na,Co,,Mn,,0,.,
(NCO) flakes, and NCO hollow spheres were identified to
have a hexagonal unit cell of the P2-type class (space
group P6,/mmc, Figure S1). For all materials, the lattice
parameters were found to be approximately a = b =~ 2.87 A
and ¢ = n.1 A (for exact values see Table S1). The (hkl)
reflections of the hollow spheres are broader than the
flakes’, as can be seen for the most intense reflection



(002), which has a FWHM of 20 = 0.30 ° for the NMO
spheres, and 0.2 ° for the NMO flakes. Paulsen et al.,*
indicated that the employed short annealing time can
lead to stacking faults or inhomogeneity of the Na* distri-
bution, which would explain the breadth of the reflec-
tions of the spheres. In addition, the flakes had crystallo-
graphic texture, and thus, a thorough Rietveld refinement
for the operando data is challenging and beyond the scope
of this publication. Phases were then identified using the
Pawley approach; for powder material of flakes a Rietveld
refinement was employed (50301-1CSD).
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Figure 1. Scanning electron microscopy pictures of a)
Na, 6Co,.Mn, 40, flakes, b) Na, Co, ,Mn, ,O, spheres.

The flakes’ diameter and thickness vary (Figure 1a). The
hollow spheres have an outer diameter of approximately 5
pum, and their outer shells are built up of hexagonal lay-
ered flakes (Figure 1b). The shell thickness is comparable
with the thickness of the synthesized flakes.

Electrochemical Studies

Galvanostatic cycle tests (20 mA g") showed a discharge
capacity of 147 mA h g” for the NMO flakes, 153 mA h g"
for the NCO flakes, 188 mA h g" for the NMO spheres,
and 183 mA h g" for the NCO spheres, in the first dis-
charge (Figure 2a). Potential reasons for the higher capac-
ity of the spheres are stacking faults as mentioned above,
or an increased amount of defects as a result of this syn-
thetic route. NMO flakes show various minor plateaus
during discharge indicating Na* ordering processes.””*>*"
“ For the curve of the NMO spheres, these features are
enhanced, whereas the NCO flakes do not exhibit most of
these minor plateaus. The minor plateaus, and the lack
thereof for the doped materials, can easily be seen when
plotting the derivative of the potential with respect to the
capacity (Figure S2). Cobalt-doped spheres, which have
not previously been presented in the literature, show a
capacity increase as compared to the NCO flakes, whilst
lacking distinct features in the discharge curve as opposed
to NMO spheres. For galvanostatic cycle tests at 50 mA h
g" (Figure 2b), NCO flakes (71% capacity retention over
100 cycles & 65% after 150 cycles) show an improvement
in cycling stability over NMO flakes (59% / 52%). The
same effect of doping is observed for the spherical mor-
phology. While spheres have higher capacity retention
than flakes for both doped and undoped material, the Co-
doped spheres are more stable than the undoped NMO

spheres (75% vs. 67% after 100 cycles and 67% vs. 58% at
150 cycles). Moreover, Co-doped materials also show bet-
ter rate capability (Figure 2c). At a current rate of 400 mA
g" (~2.2C), the obtained capacity is 120 mA h g". Possible
reasons for this are discussed below.
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Figure 2. a) Discharge profiles of Na,sMnO, flakes,
Na,sCo,,Mn,,0, flakes, Na,,MnO, spheres and

Na, 6C0,.Mn, 4O, spheres for galvanostatic cycling at 20 mA
g”, b) Cycling stability for cycling at 50 mA g, c) rate test
with labelled current rate in mA g™

The observed fading prompted us to investigate Mn**
dissolution from the active materials following a potential
disproportionation of Mn*" into Mn*" and Mn*".*** Calcu-
lations on the hypothetical amount of manganese in the
electrolyte, assuming that capacity fading is due to man-
ganese dissolution, show that the respective values (~ 10 -
20 ppm) are significantly above the detection limits for
ICP, atomic absorption spectroscopy (AAS) and energy-
dispersive X-ray spectroscopy (EDX). However, neither
ICP, nor AAS, nor EDX measurements of the processed
and concentrated electrolyte was able to detect dissolved
manganese. The Mn detection limit for these methods is



~ 1 ppm, the amount of dissolved Mn (if any) is < 1 ppm. Structural Studies
Consequently, a capacity fading of = 1% should be detect-
able by these methods if it were resulting from Mn disso-
lution. Thus, it can be concluded that manganese dissolu-
tion has a negligible effect on capacity fading of the P2-
type materials presented in this work and cannot explain
the differences between the respective materials

In the following sections, the structural processes as a
further cause of the different cycling performances are
investigated.

Na,MnO.,,, flakes: During discharge (3.8 V - 1.5 V), the
Na® content (x) increased from 0.46 to 0.98. The (002)
reflection shifts to a higher angle, reflecting a contraction
of the unit cell along the c-lattice parameter (Figure 3a).
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Figure 3. For first discharge, development of the c-lattice parameter of a) NMO flakes, the evolving P2 phase for NMO flakes
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) and e) the 2 phase region for the NMO flakes was indicated. In this 2 phase region parameters are only shown when could be

clearly distinguished.
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As Na' inserts between the MnOg-layers, the negative
charges of the oxygen between different layers are
screened, which moves the layers closer together. The
shift of the (010) reflection to lower angles reflects an ex-
pansion of the unit cell along the a- and b-directions
(Figure 3c). The cause of this is a decrease of the oxida-
tion state of manganese during discharge, which results in
an expansion of the MnOg-octahedra, and, therefore, an
expansion of the a- and b-lattice parameters.®** Two dif-
ferent phases can be observed during discharge. Initially,
the hexagonal P2-type phase of the pristine material is
maintained up to a Na* loading of ~ 0.87. Then, new re-
flections occur in the pattern (at 26 = 21.3, 23.6, 26.2, 29.6,
37.8, 38.9, 43.1, 45.0 °; see Figure 4), and become more
intense until the end of the discharge at 1.5 V. Moreover,
an overlap of a reflection from the original pattern with a
reflection from the newly emerging phase is detectable
(260 = 10.2°).

Na, ;MnO, flakes *

=l
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20
Figure 4. Pattern development for Na,sMnO, flakes (syn-
chrotron radiation: A = 0.974 A; arrows indicate new reflec-
tions; * denote aluminum reflections, + denote epoxy resin, #
denotes the hydrated phase*®*).
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These new reflections are in line with an orthorhombic
phase. Typically, this phase is called the P’2 phase.?**** In
Figure 4a the c-lattice development of the initial P2 and
the evolving P’2 phase is displayed. Figure 5a shows the
diffraction pattern of the NMO flakes at 1.5 V, as well as
the (hkl) values for both the initial hexagonal phase, and
of the newly formed orthorhombic phase (Cmcm space
group). The new reflections in the pattern fit well with
the orthorhombic phase. Other reflections that occur at
similar positions for both the new orthorhombic and the
initial hexagonal phase, show a broadening of the reflec-
tions in the diffraction pattern due to an overlap of the
reflections from the two phases. This phase transition is
attributed to the increased amount of Jahn-Teller active
Mn?". The resulting distortion leads to a transformation of
the hexagonal to the orthorhombic unit cell, caused by a
gliding of the oxygen layer. In the subsequent charge pro-
cess, the P’2 phase disappears.*® To check whether the
phase change is partially irreversible, the NMO flakes | Na
- half cell was cycled offline, and the diffraction patterns
at OCV were measured after 5, 10, and 15 cycles. However,

no remnant of the P’2 phase could be identified. Thus, it
is concluded that the phase transformation is reversible.
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Figure 5. a) Diffraction of NMO flakes at 1.5 V (1, blue),
simulated patterns of the Cmecm (2, red) and the P6,/mmc
phase (3, black); b) diffraction pattern of NMO spheres at
OCV (1, green) and 1.5 V (2, dark blue), simulated patterns of
the P2;3 (3, light blue), Cmcm (4, red), and P6,/mmc (5,
black) symmetry (synchrotron radiation: A = 0.974 A, * de-
note aluminum reflection, + denotes epoxy resin).

Na,Co, ,Mn, ,O,,, flakes: The Na" content changes
from 0.49 to 1.0 during discharge. Developments of the
lattice parameters, are similar to NMO flakes (Figure 3a,
¢). The c-lattice parameters decrease, by 0.1 A, and the b-
lattice parameters increases by 0.08 A. This is also reflect-
ed in the unit cell volume, which, for both material in-
creases by ~ 4 A3 (4.5%) over the course of the full dis-
charge (Figure 3e). However, during discharge, no new
phase could be detected even though the amount of in-
serted Na* was similar to NMO flakes (Figure 6). In con-
trast to Mn®, which distorts the structure, Co®" is Jahn-
Teller inactive. This suggests that substituting manganese
with cobalt on the order of 10% has a stabilizing effect.
Moreover, as shown in the section Electrochemical Stud-
ies, Co suppresses Na* ordering processes in the structure,
which otherwise occur for the undoped material. These
two effects eliminate structural heterogeneity that inher-



ently occurs as the result of repeated structural transfor-
mations, the suppression of these phase transitions is
suggested to be the reason for the enhanced cycling sta-
bility of the NMO flakes over the NCO flakes.

5k
Na, ;Co, ,Mn, 40, flakes

1.00
Z 0.80
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25 30 35 40 45
20
Figure 6. Pattern development for Na,Co,,Mn, O, flakes
(synchrotron radiation: A = 0.974 A, * denote aluminum re-
flections).
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Na,Co,,Mn, ,0,,, spheres: In order to examine
whether morphology has an influence on these transi-
tions, spherical Na,sCo,,Mn,,0,,, for which no phase
transition is anticipated due to suppression by Co doping,
is discussed here. During discharge from 3.8 - 1.5 V, Na*
content was increased over a wider Na® content range:
from 0.43 to 1.05. As can be seen in Figure 7, similarly to
NCO flakes, no phase change occurs. Thus, the difference
in cycling stability between the doped and undoped ma-
terials cannot be the consequence of phase transitions.
While the change of the c-lattice parameter is similar to
the NCO flakes, the b-lattice parameter, and therefore
also the unit cell volume, changes less severely (Figure 3).
Thus, the stress on the crystal structure is reduced as
compared to the flakes and the volume expansion of the
spheres (~ 2.3%) while discharging from 3.8 - 1.5 V is only
half the volume change of the flakes (~ 4.8%).

Na, ¢Co, ;Mn, 4 O, spheres
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Figure 7. Pattern development for Na, ¢Co,,Mn, ,O, spheres

(synchrotron radiation: 4 = 0.974 A, arrows indicate new

reflections, * denotes aluminum reflections).
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The effect on the structure is exacerbated by the aniso-
tropic expansion of the lattice parameters. As the c-lattice

parameter decreases during Na* insertion, the expansion
of the unit cell volume is based on an increase of the a-
and b-lattice parameter, ie, an expansion within the
plane of MnOg-octahedra. This difference might be one
contributing factor to the superior cycling stability of
NCO spheres over NCO flakes.

Comparison of strain distribution:

For undoped materials, the phase change giving rise to
additional overlapping reflections makes detailed com-
parison of structures difficult. However given there is no
phase transition at high Na content for Co-doped materi-
als we can directly compare NCO spheres and NCO
flakes. Whilst the volume change is greater for the flakes
as described above, the shift in (002) reflection to higher
angles °26 for NCO spheres is particularly modest given
the higher Na content despite the ability to accommodate
a slightly larger amount of Na in the structure than the
NCO flakes (1.05 Na for NCO spheres compared to 1.00 Na
for NCO flakes). Whilst one may not be able to infer
much from the contraction along the c-direction, observ-
able differences in Full Width at Half Maximum (FWHM)
of higher order reflections are apparent for the (002) and
(0oo4) for the NCO spheres in Table S2; here we look at
relative ratio of FWHM,,,, / FWHM(,,). For the NCO
flakes, whilst there is no appreciable change when in-
creasing the Na content from 0.6 (OCV) to 1.0 (within the
error), there is a modest observable variation at low sodi-
um content of 0.49 Na (FWHM,,,) / FWHMq,) = 1.18).
This possibly indicates a larger distribution of strain in
the material. The ratio FWHM(y,) / FWHM(q,) is larger
for NCO spheres; whilst it is ~1 around OCV (0.5 - 0.6
Na®) and > 1 moving away from OCV in either direction
i.e. for Na" < 0.5 (1:1.39) and Na* > 0.6. This suggests that,
although there is a lesser volume change for the spheres,
there is a greater degree of strain distribution in the ma-
terial at high and low Na loading, implying possible in-
homogeneities in the distribution of Na concentration
throughout the material. Whilst the mechanism by which
this takes place is unclear, it is postulated that this ability
to accommodate strain rather than release it in the form
of lattice contraction may act to i) protect the material
from structural fatigue during successive cycling leading
to superior cycling stability and ii) facilitate the broader
range of sodium content. Whilst it is not possible to ob-
serve such difference in FWHM for NMO spheres for
aforementioned reasons, given the similar performance of
the materials, it is hypothesized that the same strain ac-
commodation ability may also be one of the reasons for
superior cycling stability and capacity in these materials.

Na,MnO.,, spheres: Na“ content increases from 0.35
to 1.02 during discharge. The development of the diffrac-
tion patterns of NMO spheres show three different phases
in the course of one discharge (Figure 8). In the charged
state, i.e. at Na" contents between 0.35 - 0.49, the diffrac-
tion pattern shows a two phase region with reflections
from a non-hexagonal phase. From a Na* loading of 0.82,
new reflections (20 = 20.8, 36.3, 42.3 °) are observed.



Moreover, a significant broadening of the (0o2) reflection
(20 = 10.3°) at the end of the discharge is visible.
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Figure 8. Pattern development for Na,,MnO, spheres (syn-

chrotron radiation: A = 0.974 A, arrows indicate new reflec-

tions, * denote aluminum reflections)
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The reflections at low sodium content are attributed to
a so-called Z-phase, which represents a structure in
which, based on the initial P2-type structure, the layers of
MnOg-octahedra are shifted.”®*® Talaie et al. modelled this
phase with an Oz 2x2x10 supercell, in which the position
of the respective layers was randomized.® This phase,
however, disappeared during discharge. From a Na* con-
tent of 0.49, only the initial P2-stacking order is detecta-
ble. In Figure S3a the c-lattice of the original P2- and the
‘Z’-phase of the NMO spheres are shown. In the two
phase region, i.e., at a low Na* content, the c-lattice of the
P2-phase stays rather constant. With the disappearing of
the ‘Z’-phase the c-lattice of the P2-phase increases until
the electrostatic interaction between Na* and the Mn-O-
layers result in a decrease of the interlayer distance. Over
the development of the single P2-phase region, the b-
lattice parameter does not change significantly, leading to
a smaller volume change of the NMO spheres compared
to NMO flakes (Figure S3b and c).

The occurrence of the P’2 phase is not as clear as for the
NMO flakes. The new reflections at 20.8 and 42.3 as well
as the broadening around 10.3 °26 could indicate the P2
phase. However, a new reflection at 26 = 36.8 ° is not in
line with an emerging P'2 phase, which suggests that an-
other new phase is formed. Moreover, the prominent re-
flections between 23 and 30 °260 of a unit cell with the
Cmcm space group are absent. This suggests that the con-
tribution from the P'2 phase is small. A structure that
could explain the unidentified reflection at 36, but also
the aforementioned reflections at 20 and 42, is cubic
Na,MnO, (space group P2,;3). Although this is not in line
with the layered oxide structure, the precursor for our P2-
type NMO for the spheres was amorphous MnO,, which
is converted to Mn,O; at the synthesis temperature and
crystallizes in a cubic structure. Thus, a minor part of the
Mn,O, precursor might not have been transformed to P2-
type NMO during the annealing process, and has taken
up Na" at potentials of 2.2 - 1.5 V vs. Na|Na", possibly re-

sulting in the detectable presence of this phase. A shoul-
der at 260 = 20.6 °, where Mn,O, has its most intense re-
flection, supports this hypothesis. Figure 5b shows the
diffraction pattern of the NMO spheres at OCV and at 1.5
V, as well as the (hkl) values for a cubic P23 space group,
the initial P2 phase, and of the potentially formed P2
phase. Sharma et al. recently showed that, even for the
same material, the formation of the P’2 phase depends on
the current rate at which the material is cycled, i.e., on
kinetic factors.>® These could be influenced by stacking
faults or defects in the structure. Different tendencies for
NMO flakes and spheres to form the P2 phase could
therefore be attributed to different kinetic behavior, such
as nucleation of the new phase. The smaller changes in
the unit cell volume, in combination with the lower con-
centration of the P’2 phase throughout cycling reduce
structural stresses and fatigue. This is considered to be
one of the leading contributors to the observed higher
cycling stability of the materials with spherical morpholo-
gy

The NCO spheres do not show the impurity attributed
to the Mn203 precursor. Moreover, the Co-doped materi-
als have a larger average crystallite size than the undoped
analogues, as indicated by sharper reflections in the XRD
pattern. This is in line with findings by Paulsen et al. that
incorporating Co into the structure facilitates the for-
mation of the P2-phase during synthesis.*” Thus, the Co-
doped materials are anticipated to contain a lower degree
of amorphous/untransformed material, which can crystal-
lize in the suspected cubic phase. In our measurements,
the Z-phase was not observed for the NCO spheres.
However, Na* content during the initial charge might just
not have been decreased sufficiently to induce the for-
mation of the ‘Z’-phase.

Diffusion & Conductivity Properties

Filling up a given structure with Na* influences the mo-
bility of these Na-ions, and thus affects diffusion proper-
ties. As structural changes result in different pathways
along which Na* can move in the structure, phase transi-
tions also have an effect on diffusion. To elucidate these
changes, galvanostatic intermittent titration technique
and Electrochemical Impedance Spectroscopy were per-
formed. Figure 9 shows the development of the effective
diffusion coefficient during the course of one discharge as
measured by GITT. Minima of the diffusion coefficient are
indicative of the exhaustion of certain processes or struc-
tural rearrangements. Between a Na" content of 0.45 and
0.67, i.e. the solid solution region, diffusion coefficients
are comparable, and develop in parallel, for all materials.
The diffusion coefficient is between 10° - 10™ cm® s7,
which is considered to indicate fast diffusion processes for
an insertion material.
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Figure 9. Development of the diffusion coefficient during discharge as measured by GITT for a) Na,,MnO, flakes, b)
Na, 6Co,.Mn, 4O, flakes, c) Na,sMnO, spheres, d) Na,sCo,,Mn, 4O, spheres. For the undoped materials the two phase regions

are indicated.

Minor changes (i.e. minima) can be observed in this re-
gion for undoped NMO flakes (Figure g9a) and spheres
(Figure g9c), which correlate well with small plateaus in
the discharge curve that signify Na" ordering processes
(Figure 2a). At a Na* content of approximately 0.67, diffu-
sion coefficients for all materials start decreasing. For Na*
contents beyond that, the values diverge. NMO flakes
show a local minimum at a Na* content of approximately
0.77 (Dna. =10 cm® ™), followed by an increase and, sub-
sequently, another minimum (Dy,, = 10 c¢m® s™). Both
the electrochemistry and GITT measurements suggest the
start of a first structural transition at a Na" content of ~
0.7. The diffraction data, however, did not show any
phase change in this region (Figure 4). This minimum can
be explained by high concentration overpotential, which
results in a rearrangement of the Na-ions between the
MnOg-layers and thus in changes of the diffusion proper-
ties. The second minimum at x = 0.97 is attributed to the
phase transition towards the orthorhombic phase as ob-
served by synchrotron XRD (Figure 4 & 5a). GITT meas-
urements suggest the phase transition takes place at a
slightly higher Na* content as indicated by XRD. This dif-
ference can possibly be attributed to the nature of the

GITT analysis. For the calculation of the Na* content, only
the Na” insertion induced by the applied current is con-
sidered, but diffusion of Na’ in the opposite direction
during the rest periods is neglected. This is substantiated
by the high voltage gradient during the rest period of the
GITT measurement in the major plateau at ~ 2.2 - 21V
(Figure S4). Thus, the Na* content is overestimated.

Except for this second minimum at high Na* contents,
NCO flakes (Figure gb) shows the same trend as NMO
flakes, i.e., the same position for main minima and maxi-
ma, albeit at considerable higher values for the diffusion
coefficient (Dy,, = 10™ cm® s” for the minimum). This
increase is attributed to the effect of the Co.

For NMO spheres (Figure gc) the trend is similar to the
NMO flakes. However, the structural transition at ~ 0.7
develops first at a minima value around Dy,, =107 cm®s™,
before coming down to similar low diffusion coefficient
values (Dy,, = 10 cm® s') at Na* content of x = 0.88.
Moreover, a third minimum occurs at a Na" content of ~
1.02. The diffusion coefficient of the last minimum is
comparable to the minimum of the NMO flakes which
was attributed to the phase transition towards the P2
phase. This substantiates the phase transition from the



hexagonal P6,/mmc to the orthorhombic Cmcm phase as
hypothesized in the discussion on structural changes. The
minimum which indicates the phase transition towards
an orthorhombic phase for both NMO materials cannot
be seen for the Co-doped flakes nor spheres. This is in
line with suppression of the phase transition as concluded
in the Structural Studies section.

Over the whole P2-phase region both NCO flakes and
spheres exhibit higher diffusion coefficients than the un-
doped analogues. This is explained by enhancement of
the Na* conductivity as a result of Co-doping. This higher
conductivity is also reflected in the rate capability, which
is better for the Co-doped materials (Figure 2c). The rea-
son for the lower conductivity of the undoped material is
attributed to the high resistivity given by the Mn™, which
is a Jahn-Teller active ion.*** For LiMnO,, doping results
in a suppression of the Jahn-Teller effect, which lowers
the diffusion barrier and thus increases ionic conductivi-
ty.” A similar effect is assumed here.

These findings have been confirmed by electrochemical
impedance spectroscopy (Table S3) in a 3-electrode set-up
for NMO and NCO flakes. Even though the trend for the
charge-transfer resistance is similar in the beginning, i.e,
in the first charge and the first part of the subsequent
discharge, the value for NMO flakes and NCO flakes di-
verge shortly before the onset of the pronounced plateau
at approximately 2.5 V. In the plateau, whilst there are no
phase transitions observed in the XRD, the charge trans-
fer resistance of NMO starts to increase by one order of
magnitude larger than the respective value for NCO
flakes. This provides strong evidence in support of the
hypothesis that the stabilizing effect of Co is not limited
to structural stabilization, but also improves cycling sta-
bility through enhanced ionic conductivity in the elec-
trode.

CONCLUSION

Na,MnO,,, and Na,Co,,Mn,,0,,, were synthesized in
two different morphologies, hexagonal flakes and hollow
spheres. Their structural and diffusion properties in the
context of sodium-ion battery cathodes were investigated
using operando synchrotron X-ray diffraction, galvanos-
tatic intermittent titration technique and electrochemical
impedance spectroscopy. In addition, no dissolved Mn
could be detected in the electrolyte over the course of
cycling and is therefore thought to play a negligible role.
Na,MnO,,, flakes undergo partial phase transition to-
wards an orthorhombic crystal system upon the insertion
of Na*, while Co-doping on the order of 10% suppresses
these structural transformations. The lack of repeated
phase transitions might reduce inhomogeneity in the
structure and, together with the suppression of Na* order-
ing processes, explain the better cycling stability of the
doped material. In addition to the beneficial structural
effects, Co-doping is also shown to have a positive influ-
ence on Na-ion transport within the structure. This not

only explains the better rate capability of doped vs. un-
doped material, but could also contribute towards im-
proved cycling stability.

Superior cycling stability of Co-doped spheres com-
pared to doped flakes is attributed to the reduced volume
expansion and contraction for the spheres. Thus, reduced
strain within the structure of the spheres is one explana-
tion for this difference. Moreover, the spherical material
shows an increase in capacity, which is attributed to
structural defects.

The effects of Co-doping are different from the intend-
ed effect for other transition metals. Incorporating ele-
ments such as Ni or Fe into the structure aims at increas-
ing energy density by exploiting the high potential of
their respective redox reactions. Yabuuchi et al. showed
that incorporating 50% of Fe into the structure increases
cycling stability by suppressing Na* ordering processes;®
however, Fe does not prevent phase transformation in the
lower voltage region."®**** Ni-substitution, on the other
hand, does not eliminate Na* ordering processes, but en-
hances structural stability by alleviating the Jahn-Teller
distortion and delaying the phase transitions between 2.1
- 1.5 V2747 [ncorporating a relatively small amount of
Co - as low as 10% - into the structure enhances Na* con-
ductivity, suppresses Na" ordering and prevents phase
transformation between 2.1 - 1.5 V, and thus allows a
more reversible exploitation of the capacity that can be
obtained in this voltage region.

A combined approach of the two presented material
optimization route, i.e., doping and morphology optimi-
zation, has been shown to be most successful in attaining
superior capacity and cycling stability for the investigated
materials.
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Content: Figure S1 shows the X-ray diffraction pattern and (hkl) positions of Na,MnO, (NMO) flakes, Na, sCo,,Mn, ,O,
(NCO) flakes, Na,,MnO, (NMO) spheres and Na, sCo,,Mn, O, (NCO) spheres. Table S1 shows the refinement parameters
for (NMO) flakes, (NCO) flakes, (NMO) spheres and (NCO) spheres. Subsequently, Figure Sz shows the derivative of the
potential with respect to the capacity to illustrate Na* ordering processes. Table Sz, the development of the full width at
half maximum (FWHM) of the NCO flakes and NCO spheres, as well as their quotient, is shown at several different Na-
loadings.The b- and c-lattice parameter of NMO and NCO spheres and NCO flakes, as well as the developments of their
respective unit cell volumes, can be seen in Figure S3. In Figure S4 depicts the relaxation behaviour as measured by
galvanostatic intermittent titration technique (GITT) for NMO flakes. Table S3 shows the development of resistivity for
NMO and NCO flakes.
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Figure S1. X-ray diffraction pattern and (hkl) positions (bottom) of a) Na,¢MnO, flakes, b) Na,sCo,,Mn, 0, flakes, c)
Na, ,MnO, spheres, d) Na, sCo,,Mn, ,O, spheres; for a) & b): dotted line: fit using Rietveld refinement, blue line: difference

between pattern and fit (K, (Cu): A =1.54 A)

a) NCO flakes b) NMO flakes

Element X y z Occupancy Element X y z Occupancy
Mn 0 0 0 1 Mn 0 0 0 1
Co 0 0 0 Na(1) 0 0 1/4  0.231(17)
Na(1) 0 0 1/4 0.262(4) Na(2) 2/3 1/3 1/4 0.38(2)
Na(2) 2/3 1/3 1/4 0.396(9) 0 1/3 2/3  0.0857(6) 1
o] 1/3 2/3  0.0903(4) 1 a/b=2.869(7)A, c=11.12(4)A
Rwp : 9.19%, Rp: 6.38%, S:3.2145

a/b=2.8621(14)A, c = 11.094(60) A
Rwp :5.36%, Ro: 3.85%, S:2.2062

NMO spheres

NCO spheres
a/b =2.875(14)A, c = 11.16(6) A

a/b=2.861(4)A, c=11.123(15)A

Table S1. a) Rietveld refinement parameters for NCO flakes and lattice parameters for NCO spheres (Pawley fit), b) Rietveld
refinement parameters for NMO flakes and lattice parameters for NMO spheres (Pawley fit).
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a) NCO

Flakes (002) (004)
eak eak

x(Na) FWZHeM / poZition / FV\;HHM / pozition / Fly\\I’VHHNI\II(IOM) /

20 26 (002)
0.49 0.162 10.02 0.191 20.13 1.18
0.60 0.163 10.05 0.167 20.18 1.02
0.70 0.150 10.10 0.157 20.28 1.05
0.85 0.137 10.12 0.134 20.32 0.98
1.00 0.146 10.13 0.129 20.33 0.89

b) NCO
D) Spheres (002) (004)
FwHM/  Pe3K ey PeAK M
20 position / 20 position / FWHIV(I )

x(Na) 20 20 (002)
0.43 0.160 10.02 0.222 20.10 1.39
0.50 0.201 10.00 0.200 20.14 1.00
0.60 0.174 10.03 0.181 20.18 1.04
0.85 0.146 10.08 0.196 20.22 1.35
0.85 0.140 10.11 0.169 20.29 1.21
1.00 0.151 10.13 0.184 20.32 1.22
1.05 0.160 10.13 0.200 20.33 1.25

Table S2. FWHM for the (002) and (004) reflections as well as their respective quotients at various points during discharge
for a) NCO flakes, and b) NCO spheres
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Figure S3. Development of the a) c-lattice parameter (including the evolving ‘Z’ phase) a) b-lattice parameter, ¢) unit cell
volume, for NMO-, NCO spheres and NCO flakes. The two phase region for NMO spheres is indicated. Values are displayed
until the phase change for NMO spheres occurs (Na ~ 0.82).
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Figure S4. Relaxation behavior of Na,,MnO, flakes at various points on the discharge curve.

Randles circuit

/112

0,
.m Wa —
[P ]
NMO flakes NCO flakes

u/v Uretax/V R1 R2 % uwv Urelax/V R1 R2 %
2.90 2.85 43.64 105.00 100 2.90 2.83 84.29 17.89 100
3.80 3.44 44.75 348.80 332 3.80 3.31 83.43 43.80 245
3.25 3.29 48.10 220.50 210 3.25 3.19 84.12 29.51 165
2.70 2.78 47.48 63.23 60 2.70 2.75 84.16 15.67 88
2.50 2.63 48.91 93.70 89 2.50 2.57 83.51 15.45 86
2.40 2.54 50.56 187.80 179 2.40 2.45 84.61 16.39 92
2.33 2.40 51.16 268.40 256 2.33 2.37 83.09 17.40 97
2.10 2.17 53.83 2755.00 2624 2.10 2.12 85.80 43.54 243
1.50 2.08 59.57 23703.00 22574 1.50 1.92 90.05 1183.00 6613

Table S3: Resistivity for NMO flakes and NCO flakes and various potentials during discharge; Ri: Ohmic resistance of all cell
components (mainly electrolyte - as the cell geometry was not kept constant, the value varies significantly comparing NMO
and NCO flakes); R2: charge transfer resistance (changes in R2 are indicative of changes of the conductivity of the active
material. The nominal values have been normalized to 100% to enable the comparison of the trends of different cells).



4.5 A Novel Ionic Liquid for Li-lon Batteries - Uniting the

Advantages of Guanidinium and Piperidinium Cations

This chapter is a summary of the publication “A novel ionic liquid for Li ion batteries —
uniting the advantages of guanidinium and piperidinium cations” (RSC Advances 2014,
4,1996-2003). It describes the development of a new ionic liquid (IL) as electrolyte for
lithium- and sodium-ion batteries. This work was jointly performed by N. Bucher,
S. Hartung and M. Arkhipova. N. Bucher was leading the electrochemical
characterisation and battery testing. S. Hartung focused on the physicochemical
characterization and drafted the manuscript. M. Arkhipova synthesised and identified

the IL.

Electrolytes in sodium-ion and current commercial lithium-ion batteries typically
consist of organic solvents solutions based on organic carbonates. These molecules, e.g.
propylene carbonate or dimethyl carbonate, have a considerable vapour pressure,
which poses a safety risk as it is the cause of flammability. Moreover, the
electrochemical window of these carbonates limits the operating potential of lithium-
ion batteries, and renders the quest for high voltage cathode materials useless. In
general, it is desirable to eliminate parasitic side reactions occurring in LIBs and NIBs,
and thus improve cycle live, by employing new types of stable electrolytes. Therefore,
novel, safer electrolytes which extend the possible voltage window of batteries are
needed. A promising candidate is ionic liquids, due to their negligible vapour pressure
and (potentially) high electrochemical stability. However, these characteristics vary
between structural classes. The scope of this work was to combine the advantages of
different structural elements by incorporating them into one structure. Following this
reasoning, the piperidinium structure was selected due to its high thermal and
(particularly cathodic) electrochemical stability.[132-134] The guanidinium structure was
selected due to the low viscosity of guanidinium-based [Ls.[135-137] The resulting IL,
N,N,N’,N’-tetramethyl-N”,N”-pentamethylene-guanidinium bis(trifluoromethylsulfonyl)
imide (PipGuan-TFSI), contained structural elements from both group, with TFSI as the

anion.

Detailed physico-chemical investigations of the pure, targeted material, PipGuan-TFS],
confirmed that key properties lay between the respective values of the parent
structures. This applies for thermal stability (415 °C), viscosity (108 mPa s at 25 °C),

conductivity (1.46 mS cm! @ 28 °C) as well as for electrochemical stability measured

90|Page



in a two and three electrode setup (~4.4 V). The ability of an electrolyte consisting of a
1M solution of LiTFSI in PipGuan-TFSI to transport Li-ions, which is a prerequisite for a
working LIB, has been demonstrated by cyclic voltammetry of a two electrode coin cell
with metallic lithium and stainless steel as the electrodes; reversible oxidation and

reduction of Li and Li* was clearly visible.

Moreover, formation of a solid electrolyte interphase (SEI), which is a protective layer
on the electrode formed by decomposition products of the electrolyte, and

concurrently stability vs. metallic lithium was confirmed using EIS.

In order to investigate the behaviour of this new electrolyte in a Li-ion half-cell, coin
cells with LiFePO4 as cathode, and Li-metal as anode material were constructed. While
obtained capacities were comparable to those achieved with conventional electrolytes
at very slow C-rates (154 mA h gt at 0.025C), they decline when C-rates are increased.
However, it was shown that elevated temperatures (55 °C) have a positive influence on
rate capability, as expected, and resulted in a capacity of 148 mA h gt for 0.2C. In
contrast to the aforementioned physico-chemical properties of PipGuan-TFSI, which
lay between the two parent structures, discharge capacities for LiFePOs; exceed

both.[134.137]

In summary, a novel ionic liquid has been presented, combining positive characteristics

of the parental structures. Its suitability as LIB electrolyte has been demonstrated.

After proving the suitability of this type of electrolyte in an LIB system, PipGuan-TFSI
was tested for the NaxMnOz., and NaxC00.1Mnos02+. spheres (materials depict under
Chapter 4.2 & 4.4) in an attempt to increase cycling stability. However, initial results

indicated that this electrolyte is not stable in these systems.
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We report on the synthesis and the propertiess of N,NN N'-tetramethyl-N",N"-
pentamethyleneguanidinium bis(trifluoromethylsulfonyl)imide (PipGuan-TFSl). The cation of this novel
ionic liquid combines guanidinium and piperidinium structural elements. We tested it for its viscosity, ion
conductivity, and also for its thermal and electrochemical stability. Furthermore, a 0.5 M solution of
lithium TFSI in PipGuan-TFSI was tested as an electrolyte for Li-ion batteries. These experiments
included cycles of Li deposition/dissolution on stainless steel and (de)intercalation into/from LiFePO,4
electrodes. The tests involving LiFePO, cathodes were performed at various C-rates and temperatures
for a better quantitative comparison to other electrolyte systems. We discuss in how far PipGuan-TFSI
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Introduction

Ionic liquids (ILs) are salts with a melting point below 100 °C.
Room temperature ionic liquids, which is a subgroup defined
by a melting point below room temperature, have attracted
great interest in recent years as tunable “designer solvents”. ILs
are electrochemically and thermally stable, have a negligible
volatility, and thus a low flammability."* Those properties make
them suitable not only for (sustainable) chemical synthesis® or
carbon capture®® but also for energy storage applications® such
as super capacitors, batteries, fuel cells and solar cells.>”** The
gain in safety due to the low volatility of ILs comes with a higher
viscosity and concomitantly lower ion conductivity'® as compared
to traditional, molecular solvents. Furthermore, any IL to be used
in electrochemical energy storage devices must exhibit a suitable
stability window. Both the ion conductivity and the potential
window are tackled by the design of new ionic liquids.***¢

IL based electrolytes in Li ion batteries (LIBs) are usually
ternary mixtures containing Li" ions and the anions and cations
of the respective IL. The Li salt and the IL thus share the same
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anion. Therefore, the IL cation becomes the subject of target
oriented optimization. Common basic structures are pyr-
idinium,"” imidazolium,**>' ammonium,**** sulfonium, pyrro-
lidinium,>*******¢ guanidinium,>** or piperidinium.**->***** The
infinite number of possible structural variations in combina-
tion with the substantial synthesis efforts calls for a systematic
strategy. Parallel to computational studies that are on the way in
many research groups,'*'® there is an obvious demand for
systematic synthesis variations in combination with a set of
electrochemical benchmark tests. For substances whose prop-
erties are already close to the desired optimum, variations can
be incremental, e.g., modifying moieties of existing cation
structures. For substances with more room for improvement,
however, more substantial yet still systematic variations may
speed up the progress - in analogy to Nature’s principles of
genetic crossing that was successfully transferred to the field of
multi-parameter optimization problems.

In this paper, we will demonstrate how the advantages of two
different structural elements can be combined towards a new
cation with better key properties than the parent structures. The
two original structural elements are guanidinium and piper-
idinium. Guanidinium cations can be modified at six different
sides and the resulting ILs have low viscosities. The main
drawback of guanidinium cations, however, is their lack of
electrochemical stability at the negative potential limit.>*>7>%3°
Piperidinium based ILs, on the other hand, were reported to
have electrochemical windows exceeding 5 V and high cathodic
stability versus lithium metal. Moreover, piperidinium ILs have
a high thermal stability, which is crucial with regard to
safety.***® In the first part of this paper we will describe the

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 N,N,N N-Tetramethyl-N",N"-pentamethyleneguanidinium
bis(trifluoromethylsulfonyl)imide (PipGuan-TFSI).

synthesis of a new cation in which one side arm of a guanidi-
nium cation was substituted with a piperidinium ring (PipGuan,
see Fig. 1). Being initially synthesised as PipGuan chloride, an
anion exchange towards PipGuan bis(trifluoromethylsulfonyl)
imide (TFSI) yields a new IL, PipGuan-TFSL

We will then elucidate the physical and electrochemical
properties of this IL. Those characterisations include nuclear
magnetic resonance (NMR) and infrared (IR) spectrometry,
thermogravimetric analysis supported by mass spectroscopy
(TGA-MS), differential scanning calorimetry (DSC), and viscosity
and conductivity measurements. The electrochemical proper-
ties were tested by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). Finally, we tested a solution of
LiTFSI in PipGuan-TFSI as an electrolyte for a LiFePO, battery
half-cell and compared the results at two different temperatures
to the behaviour of the same cell using a commercial electrolyte.
We will discuss in which respect the properties of the new
cation structure reflect a compromise between the two parent
structures and where the product of the crossing is superior to
either of them.

Materials and methods
Synthesis

The novel guanidinium-based ionic liquid N,N,N',N'-tetramethyl-
N’ ,N'-pentamethyleneguanidinium bis(trifluoromethylsulfonyl)
imide was synthesised from tetramethylurea by partially modi-
fying reported procedures (Fig. 2).>*** Rigorously dried organic
solvents were used. All amines were dried with KOH pellets and
stored under an argon atmosphere. "H NMR spectra were refer-
enced to the residual proton signal of the solvent [§(CDCl;) =
7.26 ppm]. °C spectra were referenced to the solvent signal

N
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[6(CDCl;) = 77.00 ppm], and '°F spectra to external CgFq
[0(CeFs) = —162.9 ppm].

As a first step, N,N,N',N'-tetramethylchloroformamidinium
chloride was obtained by a dropwise addition of tetramethyl-
urea (20 mL, 167 mmol) to freshly distilled oxalyl chloride
(15.7 mL, 183 mmol) dissolved in 20 mL of dry dichloromethane
at room temperature. The solution was stirred overnight
and the solvent was removed under vacuum. The remaining
precipitate was washed several times with dry diethyl ether until
the washing ether was colourless. The solid N,N,N',N'-tetrame-
thylchloroformamidinium chloride was dried for three hours at
20 °C/0.05 mbar to yield 27.09 g (95%) as a white moisture
sensitive powder.

N,N,N',N'-Tetramethyl-N"',N"-pentamethyleneguanidinium
chloride was prepared by dropwise addition of a solution of
piperidine (2.5 mL, 25 mmol) and triethylamine (3.5 mL,
25 mmol) in 20 mL of dry diethyl ether to a solution of N,N,N',N'-
tetramethylchloroformamidinium chloride (4.3 g, 25 mmol) in
40 mL of dry acetonitrile at 0 °C. The mixture was stirred
overnight at room temperature. The precipitated triethy-
lammonium chloride was filtered off, and the solvents were
distilled on the rotary evaporator. A 0.1 M NaOH solution was
added to the residual oil, until the pH was slightly alkaline. To
remove the coloured impurities, the aqueous solution was
washed several times with diethyl ether. Volatile components
were distilled on the rotary evaporator (40 °C/70 mbar) and the
solid residue was subsequently dried at 50 °C/0.05 mbar.
Afterwards, it was dissolved in dry acetonitrile/diethyl ether
(2:1 v/v, 10 mL) and the solid was filtered off. The organic
solvents were removed and the product was dried for 8 h at 80
°C/0.05 mbar. Crystallisation from ethyl acetate/dimethyl
formamide (2:1) gave 4.2 g of N,N,N',N'-tetramethyl-N/,N"'-
pentamethyleneguanidinium chloride (77% yield) as a white
hygroscopic powder.

N,N,N',N'-Tetramethyl-N"" ,N"-pentamethyleneguanidinium bis-
(trifluoromethylsulfonyl)imide (PipGuan-TFSI) was synthesised
by anion exchange. Lithium bis(trifluoromethylsulfonyl)imide
(2.9 g, 10 mmol) and N,N,N',N'-tetramethyl-N"’,N"-penta-
methyleneguanidinium chloride (2.2 g, 10 mmol) were dis-
solved in 30 and 10 mL, respectively, of deionised water. The
solutions were combined resulting in two phases. After stirring
the mixture at 70 °C for 30 min, it was cooled to room
temperature, and dichloromethane (30 mL) was added. The
organic phase was separated and washed with several portions
of deionised water until chloride could not be detected any
more in the rinsing water using AgNO;. The organic phase was

g c® 9

@ TFsi®

| N
N _O N.@ Cl ;
2 (cocl),,bcM . _N. @ EtsN, MeCN LiTFSI
\]4 91% ci® 77% '\NJ\ # 95%
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Fig. 2 Synthesis route to PipGuan-TFSI.
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dried with Na,SO,, stirred over charcoal for 15 min, and filtered.
The solvent was removed on a rotary evaporator, and the product
was dried for 8 h at 120 °C/0.05 mbar. N,N,N',N'-Tetramethyl-
N',N’-pentamethyleneguanidinium bis(trifluoromethylsulfonyl)
imide was obtained as a slightly yellowish oil (4.4 g, 95% yield).

Physical and electrochemical characterisation

NMR spectra were recorded on a Bruker DRX 400 spectrometer
(*H: 400.13 MHz; *C: 100.61 MHz; "°F: 376.46 MHz). IR spectra
were recorded with a Bruker Vector 22 FTIR spectrometer.
Thermal stability was determined by TGA (Mettler Toledo
STARe TGA/DSC1; Mettler-Toledo TGA/SDTA 851 for N,N,N',N'-
tetramethyl-N"/,N'"-pentamethyleneguanidinium chloride),
the decomposition point was defined as Tq.. £ temperature
of highest decomposition gradient at a heating rate of
5 K min~'. The decomposition products were detected by
mass spectrometry (Pfeiffer Vacuum Thermostar GSD320).
Differential scanning calorimetry was performed with a
Perkin Elmer DSC 7 instrument. Microanalyses were obtained
with an Elementar vario MICRO cube instrument. Lithium
bis(trifluoromethylsulfonyl)imide for synthesis was received
from Acros Organics or IoLiTec GmbH with a purity of 99%.
Viscosity was measured using a Rheometer (Anton Paar
GmbH, Rheometer MCR 501), conductivity was measured
using a conductivity meter (Eutech Instruments, CyberScan
600 Series). The electrochemical window was measured by
linear sweep voltammetry (scan rate: 10 mV s ') in two
different cells: (i) a two-electrode 2016 coin cell with stainless
steel as the working electrode and lithium as the counter and
reference electrode and (ii) a three-electrode beaker cell with
glassy carbon as the working, Ag|AgNO; as the reference, and
platinum as the counter electrode. For the reference electrode,
a Ag wire was immersed in a solution of 0.01 M AgNO; in
acetonitrile, with 0.1 M N(octyl),BF, as conducting salt. A
junction with the compartment containing the IL was realized
with a vycor glass frit. For both set-ups, the electrochemical
windows were calculated for the cut-off current densities
0.1 mA cm? and 0.5 mA cm 2. EIS was performed in a
symmetric lithium coin cell set-up (Li|electrolyte|Li). Plating/
stripping experiments were conducted using a 2016 coin cell
set-up with lithium metal and stainless steel electrodes. For
both measurements, a Biologic VMP3 potentiostat was used.
Battery tests were performed with an electrolyte consisting of
the synthesised PipGuan-TFSI and 0.5 M lithium bis(tri-
fluoromethylsulfonyl)imide (LiTFSI, SOLVAY, 99.99%). Note
that the maximum concentration attainable at 300 K was
0.8 M. Commercial lithium iron phosphate (LFP, ENAX) was
used as cathode material. The composite cathodes were
prepared by mixing LFP, acetylene black (Alfa Aesar, > 99%),
and polyvinylidene fluoride (PVdF, Arkema, Kynar HSV 900)
binder in the weight ratio of 80:10:10, with N-methyl-2-
pyrrolidone (NMP, Sigma Aldrich, =99%), to form a slurry.
The well-mixed, homogenous mixture was coated on an Al foil
using a doctor blade, and dried at 80 °C in air to remove the
solvent. Circular pieces with 16 mm diameter were punched
out of the coated Al foil and roll-pressed between twin rollers
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to improve adherence of the coating to the Al foil. After drying
the electrodes for 4 h under vacuum at 110 °C, the electrodes
were assembled in a half-cell configuration in 2016 coin cells,
using 16 mm circular lithium metal pieces as the anode,
separated by a glass fibre separator (Whatman) swollen with
the aforementioned electrolyte. Charge/discharge experi-
ments were carried out with an Arbin battery tester. All
measurements were performed with the purified and dry ionic
liquid. Magnetic resonance techniques ("H-NMR, *C-NMR,
19F-NMR), infrared spectroscopy, mass spectroscopy, Karl-
Fischer analysis and elemental analysis did not indicate the
presence of any impurities other than small traces of water
(according to Karl-Fischer: <50 ppm).

Results and discussion
Analytical data

N,N,N',N'-Tetramethylchloroformamidinium chloride. 'H
NMR (CDCl;): 6 = 3.55 (s, 12H, NCH3) ppm.

N,N,N',N'-Tetramethyl-N",N"-pentamethyleneguanidinium
chloride. Melting point = 158-159 °C, Tyee = 330 °C, '"H NMR
(CDCly): 6 = 1.25-1.50 (m, 6H, CH,(CH,);CH,, pip), 2.77 (s, 12H,
NCH;), 2.97-3.13 (m, 4H, NCH,, pip) ppm. "*C NMR (CDCl,):
6 = 22.6 (N(CH,),CH,, pip), 24.5 (NCH,CH,CH,, pip), 40.05 and
40.09 (NCH;), 49.3 (NCH,CH,CH,, pip), 161.9 (CN;) ppm. IR
(ATR): » = 2930 (m), 2856 (m), 1564 (s), 1435 (m), 1407 (s), 1277
(m), 1253 (m) cm ™. MS (CI): m/z = 184 (100%, [cation]"). Anal.
caled. for CyoH,,CIN;*0.75H,0: C 51.49, H 10.15, N 18.01;
found: C 51.48, H 10.27, N 17.94%.

N,N,N',N'-Tetramethyl-N’',N"-pentamethyleneguanidinium
bis(trifluoromethylsulfonyl)imide  (PipGuan-TFSI). Melting
point = 3 °C, Tyee = 463 °C, "H NMR (CDCl;): 6 = 1.65-1.80 (m,
6H, CH,(CH,);CH,, pip), 2.98 and 2.99 (2 s, 6H each, NCHj3),
3.20-3.35 (m, 4H, NCH,, pip) ppm. *C NMR (CDCl,): 6 = 23.4
(N(CH,),CH,, pip), 25.1 (NCH,CH,CH,, pip), 40.32 and 40.35
(NCHj3), 49.9 (NCH,CH,CH,, pip), 162.8 (CN;) ppm. "°F NMR
(CDCl,): 6 = —75.3 ppm. IR (NaCl): » = 2951 (m), 2864 (m), 1569
(s), 1411 (m), 1347 (s), 1330 (s), 1176 (s), 1134 (s), 1053 (s) cm .
MS (CI): m/z = 184 (100%, [cation]). Anal. caled. for
C1oH,,F6N,0,S, (464.44): C 31.03, H 4.77, N 12.06; found: C
31.03, H 4.68, N 12.25%.

Thermal properties of PipGuan-TFSI

DSC revealed a melting point of 3 °C as measured by DSC. It is
lower than the one of N,N-diethyl-N',N',N" ,N'-tetramethyl -
or N,N,N',N'-tetramethyl-N",N"-dipropylguanidinium-TFSI (9.9
and 12.9 °C, respectively) but slightly higher than the one
of N,N,N,N'-tetramethyl-N"-ethyl-N"-propylguanidinium-TFSI
(—1.6 °C).>* In general, the melting point of ionic liquids
increases for more symmetrical cations, because symmetry
facilitates a closer packing of the ions. Leaving the methyl
groups at N and N’ constant, the melting point tends to decrease
with increasing chain length of the alkyl chain at N, up to a
critical molar mass.*® Considering that the piperidinium
contains five carbon atoms, the relative position of the melting
point of PipGuan-TFSI is within the expected range.

This journal is © The Royal Society of Chemistry 2014
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Fig.3 (a) TGA of PipGuan-TFSI (5 K min~2), (b) MS of PipGuan-TFSI at 410 °C, (c) MS of PipGuan-TFSI at 450 °C, (d) MS of PipGuan-TFS| at 470 °C.

TGA showed that PipGuan-TFSI is stable up to 415 °C (5% of
mass loss). The temperature of highest decomposition gradient
is at 463 °C. The mass spectra of the decomposition products
were analysed at the onset, in the middle, and at the end of the
decomposition (Fig. 3). In the beginning, the fragments seem to
indicate the decomposition mainly of the cation (Fig. 3a),
whereas at the end, the fragments are predominantly decompo-
sition products of the anion (Fig. 3b). In the middle of decom-
position, fragments from both cation and anion are present
(Fig. 3c). Thus, it can be assumed that the cation is the limiting
ion for thermal stability. Comparing this data with other ILs,
PipGuan-TFSI is thermally more stable than other guanidinium
ILs, but less stable than piperidinium based ILs.****

Viscosity and conductivity

Viscosities and conductivities were measured for pure PipGuan-
TFSI and for a solution of 0.5 M LiTFSI, a potential LIB electrolyte.
As found in similar systems,>? the viscosity of the Li* containing
solution is higher than that of the pure IL for all temperatures.
For both samples, the viscosity decreases with increasing
temperature (Fig. 4) according to a Vogel-Tammann-Fulcher
relationship (eqn (1));*”*® for the fitted parameters see Table 1.

n =" eXP(T fTO) 1)

The values are comparable to those reported for hexaalkyl
guanidinium-based ionic liquids with TFSI as the anion.*

Room temperature viscosities of previously reported hexa-
alkyl guanidinium?® and piperidinium?® based ILs are in the
range of 58-113 mPa s and 190-370 mPa s, respectively. For

This journal is © The Royal Society of Chemistry 2014

PipGuan-TFSI, our measurements reveal 108 mPa s at 25 °C. As
expected, this value lies between those for guanidinium and
piperidinium. The viscosity of the 0.5 M LiTFSI electrolyte was
found to be 164 mPa s at room temperature.

Conductivities were measured in an Ar filled glovebox at
28 °C. The measurements revealed 1.46 mS cm ™" and 0.74 mS
cm ! for pure PipGuan TFSI and the 0.5 M LiTFSI electrolyte,
respectively. Again, the conductivity of the pure IL lies between
the value ranges reported for N,N,N',N'-tetramethyl-N"'-alkyl'-
N'-alkyl® guanidinium-TFSI (alkyl"”> = methyl, ethyl, propyl and
butyl), i.e., 1.02-2.86 mS cm ™" (at 25 °C),** and for N-alkyl'-N-
alkyl*piperidinium-TFSI (alkyl** = methyl, ethyl, propyl, butyl,
pentyl, hexyl, or heptyl), which are 2.1-107°-0.92 mS cm ™" (at
20 °C),* respectively.

200 +
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Fig. 4 Temperature dependence of viscosity for PipGuan-TFSI and
0.5 M solution of LiTFSI in PipGuan-TFSI.
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Table 1 Parameters for the Vogel-Tammann—Fulcher equation for
PipGuan-TFSI and the electrolyte (0.5 M solution of LiTFSI in PipGuan-
TFSI)

No/mPa s B/K To/K R?
PipGuan—TFSI 0.26 £ 7% 705 + 2% 190 + 1% >0.9999
Electrolyte 0.17 £ 9% 797 £ 3% 174 £ 1% >0.9999

Electrochemical measurements

Fig. 5a and b show the electrochemical window of PipGuan-TFSI
measured in two different ways. Fig. 5a was measured with
a three-electrode set-up, with glassy-carbon as the working,
Ag|AgNO; as the reference, and platinum as the counter elec-
trode. The three-electrode set-up shows an electrochemical
window of 4.40 V between —2.55 V and 1.85 V vs. Ag|Ag", all for a
cut-off current density of 0.5 mA cm 2. For a cut-off at 0.1 mA
ecm ™2, the window narrows to 4.16 V with —2.50 V and 1.66 V vs.
Ag|Ag" as cathodic and anodic limits, respectively (see Table 2).
Fig. 5b shows the measurement in a coin cell to simulate
working conditions in a LIB. The two-electrode set-up with
stainless steel as a working and Li metal as a counter electrode
showed an electrochemical window of 5.11 V(0.2 V ... 5.31 V) for
a cut-off current density of 0.5 mA cm ™2, and of 4.44 V (0.44 V...

4.88 V) for a cut-off at 0.1 mA cm 2.
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Fig. 5 (a) Electrochemical window of PipGuan-TFSI using a 3-elec-
trode set-up with Ag|AgNOs as reference, glassy carbon as working
and Pt as counter electrode, (b) electrochemical window of PipGuan-
TFSI using a coin cell set-up with Li as combined counter&reference
and stainless steel as a working electrode; the dotted lines represent a
cut-off current density of 0.5 mA cm™2 for (a), and 0.1 mA cm™2 for (b).
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Table 2 Electrochemical stability limits and electrochemical window
for PipGuan-TFSI

2 Electrodes, 3 Electrodes, vs.

vs. Li|Li" Ag|Ag’
Cut-off current density/mA ecm™> 0.1 0.5 0.1 0.5
Anodic limit/vV 4.88 5.31 1.66 1.85
Cathodic limit/V 0.44 0.20 —2.50 —2.55
Electrochem. window/V 4.44 5.11 4.16 4.40

It should be pointed out that the Li reference potential
obtained in these cells is not well-defined because there is no
controlled Li" content in the Li-TFSI solution as required for a
true Li|Li" system.* Nevertheless, the upper potential limit
indicates that PipGuan-TFSI could be suitable for high-voltage
battery cells.

For an application of PipGuan-TFSI in Li-ion batteries the
electrochemical properties of the Li* containing electrolyte
(PipGuan-TFSI + 0.5 M LiTFSI) are more important than those of
the plain IL. Fig. 6 shows the first and second cycle of a freshly
mounted coin cell with stainless steel as working and lithium as
combined counter&reference electrode, respectively. Starting at
2V, the first CV cycle shows broad cathodic features starting at
1.5 V in the negative going scan. Those presumably reflect
electrolyte decomposition, in analogy to previous observations
for other ILs.>*>7104

The fact that these features are only observed in the first
negative going scan indicates that the product is a passivating
layer (sometimes referred to as solid electrolyte interphase, SEI).
In following cycles, no major features are visible until —0.08 V.
Integration of oxidation and reduction charges shows that for
the scan from —0.08 V to —0.25 V and back, the total cathodic
charge adds up to about twice the total anodic charge that is re-
gained above —0.08 V. The anodic charge is assigned to the
stripping of Li layers that were plated onto the stainless steel
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Fig. 6 Cyclic voltammogram for 0.5 M LiTFSI in PipGuan-TFSl in a
coin cell set-up with stainless steel as a working and Li as a
combined counter&reference electrode, respectively, with a scan
rate of 0.3 mV s%.
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electrode at E < —0.08 V. The cathodic charge thus splits into
contributions from Li plating and electrolyte decomposition in
coarsely equal shares. Scans to lower E revealed a more
pronounced increase of the negative as compared to the positive
charge in the anodic counter-peak, indicating that electrolyte
decomposition becomes dominating at more negative poten-
tials. Comparing the CV in Fig. 6 with the linear sweep scan of
the plain IL in Fig. 5b, the onset of electrolyte decomposition
seems to be shifted to more negative potentials in the presence
of Li" ions in the solution.

It was speculated previously that the addition of LiTFSI
enables the formation of a passivating layer that widens the
potential window.**** In-depth studies on the composition of
this layer have been conducted earlier by other groups.***

As highlighted above, however, the Li based reference
potentials in the plain and in the LiTFSI containing IL should
not be directly compared: if the potential determining equilib-
rium reaction is Ligy;q < Li* + e, the Li* concentration in the
neat IL is undefined and can easily be several orders of
magnitude below the one in the electrolyte with 0.5 M LiTFSI.*’
According to the Nernst equation the pseudo-reference poten-
tial in the neat IL can thus be several multiples of 59 mV more
negative than the Li|Li" potential in the electrolyte. Such a shift
could be the main reason for the different onset potentials for
cathodic IL decomposition without (Fig. 5b) and with (Fig. 6)
LiTFSI in the solution. IUPAC recommends the utilization of
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dissolved redox couples (e.g., ferrocene/ferrocenium) as internal
references in such systems.***>*” Using this method, we seek to
clarify the actual effect of LiTFSI on the width of the potential
stability window in upcoming experiments. As to the potential
scale in Fig. 6, one should also emphasise that Li deposition
and dissolution is setting in at —0.08 V in the negative and
positive going scan, respectively, and not at 0 V as one should
expect. This means that the Li|Li" potential is more negative for
the freshly deposited Li film than for the Li foil used as
combined counter&reference electrode. We tentatively assign
this potential difference to a chemical modification of the
surface of the Li foil due to (electro-)chemical side reactions as
they will be discussed in more detail below. Apart from the open
questions related to the electrochemical equilibrium potentials,
however, the Li plating/stripping behaviour in Fig. 6 confirms
transport of Li* between the two electrodes and thus the suit-
ability of PipGuan-TFSI as electrolyte solvent for Li-ion
batteries.

Apart from the Li' transport properties and the potential
dependent electrochemical stability of PipGuan-TFSI we also
studied its interaction with metallic Li. Specifically, we used EIS
to analyse the charge transfer properties of the interface
between metallic Li and PipGuan-TFSI + 0.5 M LiTFSI. Fig. 7
shows the evolution of the impedance response of a cell that
was stored at room temperature under open circuit conditions,
just interrupted by the EIS measurements. The intercept of the
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Fig.7 Impedance response of a symmetrical Li|0.5 M LiTFSI in PipGuan-TFSI|Li cell stored at room temperature during the first (a) 12 hours, (b) 10

days, (c) time evolution of Ry;.
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semicircles at high frequencies (left side) was associated with
the bulk resistance. The difference between the two intercepts
with the real axis was interpreted as the electrode-electrolyte
resistance (Ry;), combining both the charge transfer and the
passivating layer resistance. Of these two components, Ry; is
probably dominated by the resistance of the passivating
layer."”*®*® As can be seen from Fig. 7a, resistance stabilised
after 12 hours. Fig. 7b shows the long-term impedance test
over 10 days, which shows only little change in the Ry; resis-
tance. This indicates that a passivating layer is forming at
the lithium electrode during the first 12 hours, and that it
stays stable afterwards. Due to the open circuit conditions,
this formation must be a chemical or a corrosion type of
reaction.

To complete the picture of PipGuan-TFSI as a suitable
electrolyte solvent for Li-ion batteries we examined the charge/
discharge behaviour of LiFePO, half cells at different C-rates
and two different temperatures (24 and 55 °C). Coin cells were
tested by running four cycles at every C-rate before increasing
the C-rate. The presented capacities correspond to the fourth
cycle for every C-rate. Fig. 8a shows a discharge capacity of
154 mA h g ' for charge/discharge at 0.025 C. The same
capacity was found in a test experiment with the same elec-
trodes and commercial electrolyte (EC:DMC, 1 M LiPFy) at
0.2 C. For 0.05 C and 0.1 C, the discharge capacities attained
with the PipGuan-TFSI based electrolyte reduce to 143 mA h
g 'and 101 mA h g™, respectively. Such a negative correlation
of C-rate and capacity is commonly observed and attributed
to the high viscosity of ionic liquids.®***° This assignment fits
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Fig. 8 Charge/discharge behaviour of 0.5 M LiTFSI in PipGuan-TFSI
in a coin cell with lithium iron phosphate and lithium electrodes; (a)
24 °C, (b) 55 °C.
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to the observed charge/discharge behaviour at 55 °C (Fig. 8b),
where a capacity of 148 mA h g~' is reached at 0.2 C. This
capacity is almost 150% of the value obtained at 0.1 C and
24 °C. Furthermore, it is about the same capacity as we could
reach for an identical half cell with standard electrolyte (1 M
LiPF, in EC/DMC) at the same C-rate and at 24 °C (curve not
shown here). In summary, the data in Fig. 8 indicate that the
main disadvantage of PipGuan-TFSI as an electrolyte solvent
for Li-ion batteries is a poor Li" conductivity due to a high
viscosity. Increasing the temperature to 55 °C lowers the
viscosity by about a factor of four, which must be the reason
for the improved half-cell performance at that temperature.*
Furthermore, the achieved discharge capacities for PipGuan-
TFSI based electrolyte (143 mAh g~ at 0.05C,101mAh g " at
0.1 C at 24 °C) lay above the values of 93 mA h g~* (0.05 C) and
80 mA h g~ (0.1 C) that were reported for N-butyl-N-methyl-
piperidinium-TFSI'  and  N-butyl-N,N',N',N",N"-pentam-
ethylguanidinium-TFSI,** respectively. In this respect, the
performance of the PipGuan-TFSI based electrolyte does not
lie between the two classes of material but is better than the
respective individual performances.

Conclusions

A new ionic liquid that combines the structures of piperidinium
and guanidinium based ionic liquids, PipGuan-TFSI, has been
synthesised. The physical properties, ie., thermal stability,
viscosity and conductivity of this new material lie between these
two different classes of ionic liquids. PipGuan-TFSI has a large
electrochemical window and is able to reversibly plate and strip
lithium. Thus, it is promising as a new electrolyte in lithium ion
batteries. Its performance in a half cell equals that of
commercial electrolytes at low C-rates or at elevated tempera-
tures. As PipGuan-TFSI outperforms other common guanidi-
nium and piperidinium based ionic liquids with regard to
achieved capacities of LiFePO, half cells, the synthesis goal has
been exceeded. The approach of target oriented “genetic
crossing” of structural elements in IL molecules is a promising
complement to computational screening and incremental
modification of existing ILs. We expect this approach to trigger
further improvements in the development of advanced elec-
trolytes in the near future.
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5 Conclusion

Research in sodium-ion batteries has surged in recent years, and understanding of the
processes associated with the (de-)insertion of Na* into (from) host materials increases
rapidly. However, one barrier to commercially viable NIBs is still cycling stability for
the majority of materials. Layered transition metal oxides, specifically P2-NayMnOz.,,
are considered a very promising material class due to their good compromise between

capacity and potential.

Several strategies have been presented to increase the cycling stability. The most
prominent approach has been incorporation of different metals into the host lattice in
order to increase stability, but also elevate the potential of redox processes. One route
presented in this work is in line with this research direction. Namely, the substitution
or doping of the layered manganese structure with a small amount of cobalt (~10%). In
addition a new approach to improving stability was followed, namely optimisation of

the morphology.

For NayMnO; flakes, NIB half-cells showed a considerable capacity fading after only 20
cycles. Interestingly, not only the main redox process of the Mn2+13+ redox couple was
observed, but a variety of other processes which were attributed to Na*-ordering
processes between the MnO;-layers. Incorporation of Co into the structure resulted in
two effects: cycling stability was enhanced, and the aforementioned ordering processes
were suppressed. As these differences were attributed to structural processes - or the
lack thereof -, an electrochemical in operando XRD cell for laboratory-scale
diffractometers was constructed. In contrast to a variety of electrochemical in operando
XRD cells that had been reported before, this here presented cell distinguishes itself
through the ability to use ultrathin aluminium (6 pm) as window material. This is
achieved through various elements with regard to the construction of the cell, which
alleviates the pressure on the X-ray window in the inner part of the cell. As the low
thickness of the Al-foil reduces X-ray absorption, and contributes only very few
reflections to the overall pattern, it ensures excellent signal quality and an excellent

signal to noise ratio. Thus, initial measurements proved promising.

However, in order to ensure that the observed structural phenomena could indeed be
attributed to processes occurring in the bulk of the material, and not only on the
electrodes surface, synchrotron X-ray diffraction measurements were conducted.

While NayMnO;-flakes showed phase transition from the hexagonal P63;/mmc to the
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orthorhombic Cmcm phase, this transformation is absent for the Co-doped version,
NaxC00.1Mno902. Even though this transition has been shown to be reversible, repeated
structure changes still exert stress on the structure and the long-range order of the
material. Reducing this stress through Co-doping results in higher cycling stability. This
positive effect is augmented by the suppression of Na+-ordering processes. Moreover, a
positive effect of Co-doping on the Na-ion transport in the host structure has been

found.

The other strategy to improve cycling stability was optimisation of the morphology.
Instead of NayMnO; flakes, NayMnO; spheres were synthesised. This was based on the
assumption that the spherical morphology can accommodate repeated (de-)insertion
processes, and the concurrent volume changes, better. The spherical morphology not
only increased capacity, it also retained this capacity better over the course of
100 cycles. In operando XRD measurements also showed structural changes for
spherical NayMnO; at the end of the discharge 1.5 V. However, the change of the unit
cell volume of the Na,MnO; spheres was significantly smaller; concurrently, the strain
within the unit cell seems to increase during Na+*-insertion. This suggests that sodium-
insertion is (mostly) accommodated by volume changes inducing structural stress in
the flakes, whereas for the spheres it is compensated by strain. As the capacity
retention is higher for the spheres, it is concluded that compensation via the strain
mechanism is less detrimental for the system. Thus, while the underlying cause for the
improvement of cycling stability is different to results of Co-doping, the effect is

similarly positive.

Ultimately, as both strategies contribute to improvements of cycling stability via two
different effects, both were combined in the synthesised NaxCoo.1Mno 902 spheres. They
not only show an enhanced initial capacity over the NCO flakes, just like the NMO
spheres did over the NMO flakes, but cycling stability was also improved as compared
to NMO flakes, NCO flakes, and NMO spheres. Therefore, it can be concluded that both
positive effects on cycling stability, suppression of structural transformation and better
accommodation of inserted Na*, can be combined to provide a superior NIB cathode

material.

While Co has a positive effect on both, other works stressed either only the suppression
of phase transitions (eg. for Ni)[7986138139] or the suppression of Na*-ordering
processes (e.g. for Fe)88140.141] a5 an effect of doping. Moreover, in contrast to

previously reported results on incorporating Mn into a Co-based structure,85] this
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could be achieved with a Co-content as low as 10% into a Mn-based structure. In
addition, unlike for the case of starting with NayCoO; and incorporating Mn,[85 the
approach described in this work does not decrease the insertion potential significantly.
The new descripted morphology optimisation adds another alternative to the
repertoire of strategies to improve cycling stability which has not been investigated
before for the class of layered transition metal oxides for NIBs. Combining both routes
results in spherical NaxCoo.1Mng 902, which results in an initial capacity of 180 mA h g1
when cycled between 1.5 - 3.8 V vs. Na, of which approximately 120 mA h g! and
110 mA h g1 are retained after 100 and 150 cycles, respectively, at a moderate rate of
50 mA gt Furthermore, an excellent rate capability with capacities of roughly
140 mA h g-lat 200 mA gt (~1.1C; 1C 2 186 mA h g1, calculation based on 0.7 Na* per
formula unit) and 120 mA h g-tat 400 mA gt (~2.2C) is achieved. These values exceed
most materials presented in recent literature (Table 2). Among those, it is worth noting
that Co-containing materials show the highest stabilities. This is in line with our
findings and supports our hypothesis that the incorporation of cobalt has a decisive

positive influence.

. : Initial Achiey ed
Material Cy/clrlnrf;te E;rfgzt}a\l/ capacit}f / C;inp: iltgl/
mAh g [cycle #]
Naz/3Ni1/3Mnz/30,[139] 17 1.5-3.75 156 125 [50]
NaxMgo.11Mng.g902[90] 12 1.5-44 174 121 [100]
97 [200]
Nao.e7MnosFeo 50,140 13 1.5-4.0 140 125*[30]
NaxFeosMnos0,[88! 18*(0.1C) 1.5-4.0 140* 30* [80]
NaxFeosMno.502[35] 13 1.5-4.2 190 150*[30]
Nao.7Feo.4sMno.45C00.202(142] 10 1.5-4.5 190 110 [60]
Nao.s7Mno.65Nio.2C00.1502[143] 120 1.5-4.2 137 107 [100]
NaxNio22C00.11Mng.6602193] 12 21-43 141 116 [150]
Naos Mnoe3Nio.23Feo.130219%] 50 1.5-4.6 195* 160*[70]
Nao.s7Mno.s5Nio.1sFe202[140] 13 1.5-4.1 160 140* [30]

Table 2. Cycling performance overview of state of the art P2-type materials. Estimated values are denoted
with (¥).

In summary, for sodium-ion batteries to become a commercially attractive alternative
to lithium-ion batteries, significant further improvements are necessary. In this work,
two viable strategies that have the potential to bring sodium-ion batteries closer to

commercial applications have been successfully demonstrated and explained.
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7 List of Acronyms
Al-Air/0,

BSE
CE

cv

DC

eg.
ect.
EDS
EIS
FWHM
Le.

ICP-OES

IL
Li-AirO;
LIB

LSV

MH
NCO
NIB
Ni-Cd
Ni-MH

NMO

aluminium air/oxygen battery

back scattering electron

counter electrode

cyclic voltammogram/cyclic voltammetry
direct current

exempli gratia, for example

Et cetera, and so on

energy dispersive spectoscropy
electrochemical impedance spectroscopy
full width half maximum

id est, that is

Inductively Coupled Plasma Optical Emission

Spectroscopy

ionic liquid

aluminium air or oxygen battery
lithium-ion battery

linear sweep voltammetry
metal hydride alloy

P2-NayMnO;

sodium-ion battery
nickel-cadmium battery
nickel-metal hydride battery

P2-NayMnO;
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NMP
oCcv
Pb-acid

PipGuan-TFSI

PVDF
RE
SEI
SEM

SHE

TEM
TFSI
TGA
UPS
VS.

WE
XRD
XRF
Zn-Mn

Zn-OH

N-Methyl-2-Pyrrolidone
open circuit voltage
lead-acid battery

N,N,N’,N’-tetramethyl-N”,N”-pentamethylene-

guanidinium bis(trifluoromethylsulfonyl)imide
polyvinylidene difluoride

reference electrode

solid electrolyte interphace

scanning electron microscopy

standard hydrogen electrode at standard
conditions of 298.15 K, 1 atm H; pressure and an
effective concentration of 1 mol dm-3 H+* in

aqueous solution

transmission electron microscopy
bis(trifluoromethylsulfonyl)imide
thermogravimetric analysis
uninterruptible power sources
versus

working electrode

X-ray diffraction

X-ray fluorescence

zinc-carbon battery

alkaline Battery
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