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1 Introduction

The decision of Germany and other EU countries with the turn of the millennium, to

reorganize their energy sectors and switch to renewable energy sources (key words:

�Energiewende�, �Integriertes Energie und Klimaprogramm�), leads to an increase in

demand for electrochemical energy storage devices for mobile and stationary appli-

cations. These devices are necessary to bu�er the volatile, renewable energy sources

to ensure grid stability.[3,4] In the course of these actions, the discussion on lithium

as a critical resource lead to a renewed interest in sodium-ion batteries (NIBs) as

complement to lithium-ion technology.[5�14] Due to the position of sodium in the pe-

riodic table, next to lithium, similar electrochemical properties are expected for its

compounds. Furthermore, sodium would o�er an even, worldwide distribution and a

large variety of possible sources. While recently progress was made and described on

the cathode side[15�18] almost no suitable anode materials for NIBs have been found

since the 1980s,[14,19�22] when lithium-ion batteries (LIBs) were commercialised after

establishing graphite as reliable, cost-e�ective anode material. This triggered the

premature stop of research on NIBs.

This study is focused on graphite as anode material for NIBs. Graphite electrodes,

prepared by lithium-ion technology standards, are implemented into sodium-ion cells

without further structural modi�cation, using a di�erent kind of electrode reaction

(co-intercalation) to store ions inside the graphite structure. These co-intercalation

electrodes might be implemented into NIBs and allow the simple construction of reli-

able, low-cost NIBs that may be suitable for stationary applications, where the price

is more relevant than energy density. These NIBs may thereby lower the demand

and price of lithium compounds for LIBs for mobile applications.
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1 Introduction

1.1 Historical development

At a �rst glance a similar cell chemistry is expected for lithium and sodium com-

pounds and their reactions due to their vicinity in the periodic table. The di�erence

in the ionic radii between both alkali metal ions however leads to changes in the ther-

modynamic and kinetic properties which can be advantageous or disadvantageous for

a reversible cell reaction. In the dawn of alkali battery research, lithium and sodium

based systems were studied simultaneously. In the early 1980s the insertion materials

were investigated in parallel for both alkali metals, such as LixTiS2
[23] and NaxTiS2

[24]

or layered transition metal oxides such as LixCoO2
[25] and NaxCoO2.

[26�28] Due to a

higher reactivity of the sodium metal electrode towards electrolyte solvents or sol-

vent impurities and the larger ionic radius of the sodium ions, which leads to a lower

energy density, sodium-ion batteries were soon marginalised.

When the research community focused on replacing the alkali metal electrode by

another insertion electrode material for safety reasons (e.g. the prevention of dendrite

formation) the interest in sodium cells further decreased. The successful implemen-

tation of graphite into lithium based systems, due to such bene�cial properties as

good kinetics inside the graphite host, the formation of a stable ion-conducting and

electron-blocking surface �lm (�solid electrolyte interphase�, SEI[29]), low operating

voltages of 0.1V - 0.2V and a charge storage capability of one lithium ion per six

carbon atoms, lead to the further neglect of sodium battery technology.[30] The in-

compatibility between the sodium ions and the graphite electrode, which is based on

a mismatch between the size of sodium ion and the graphitic host structure, hindered

further comparing research on lithium-ion and sodium-ion batteries.[31�34] While the

research activities on lithium-ion batteries further rose, leading to the �nal commer-

cialisation in the 1990s by Sony,[30] sodium-ion technology almost sank into oblivion.

Only some special cases of sodium batteries were further investigated and commer-

cialized, such as high temperature cells that work with a molten sodium electrode

such as sodium/sulphur and ZEBRA cells (Zeolite Battery Research Africa cells,

Na−NiCl2) usually used for stationary applications.[6,12,35] Interestingly, while the

2



1.2 Research results for sodium-ion batteries

use of metallic sodium in rechargeable high-temperature batteries was quite success-

ful, till today there is no competing high-temperature lithium technology established.

1.2 Research results for sodium-ion batteries

In this section the research results for anode materials (subsection 1.2.1) and elec-

trolytes (subsection 1.2.2) in sodium-ion technology are summarized. Since there was

only little progress in the research of anode materials and electrolytes for sodium-ion

batteries since the 1990s, it is most likely that the development of these will help

sodium-ion technology most on the way towards commercialisation.

For sodium cathode materials signi�cant progress was made within the last 15

years; therefore these will not be summarized here in detail and the reader is referred

to the reviews on sodium cathode materials in the bibliography.[6�18]

1.2.1 Anode materials

Since the successful implementation of graphite as the anode in lithium-ion batteries

that led to the rapid domination of lithium-ion technology in the �eld of electro-

chemical energy storage, there were attempts to �nd suitable anode materials for

sodium-ion batteries as well, to create a comparably well-working and reliable bat-

tery based on sodium. The strongest driving force was, and still is, the promise that

sodium-based batteries could work in a similar reliable manner as LIBs, but with a

much lower price, due to widespread and worldwide evenly distributed sodium re-

sources. From the start on, this copy & paste process of electrodes and electrolytes

from lithium to sodium cells was di�cult, due to the larger ionic radius of sodium

ions and the resulting di�erences of thermodynamic and kinetic properties, such as

the change of products upon charging[36] or solvation properties.[37]

Experiences made during the development of lithium-ion batteries had and still

have signi�cant in�uence on what kind of electrodes are considered as potential anode

materials for sodium-ion batteries.[5,19�22] Metallic sodium anodes would exhibit high

3



1 Introduction

theoretical speci�c capacities (1165mAh/g) and low negative redox potentials (-2.71V

vs. SHE). Despite all that they have not been intensively studied due to safety

concerns arising from critical events such as dendrite formation, the subsequently

possible thermal runaway and �re risks, of cells containing metallic lithium electrodes

in the 1980s (see the next paragraph �Sodium metal�).[38�43]

The most prominent example for the failure in transferring the basic working

principles of lithium-ion onto sodium-ion technology is graphite as anode material

and will be described in detail in the second paragraph (�Graphite�) of this section.

Other viable, but still next-generation anode materials, such as non-graphitic car-

bons, conversion type materials, titanates and alloy forming anodes were investigated

intensively in the last years but still su�er from major problems such as high irre-

versible losses in the initial cycles and large volume expansion during sodium ion

insertion (see paragraphs �Non-graphitic carbons� and �Conversion type materials,

alloys and titanates�).

Sodium metal

Apart from high temperature cell designs, such as sodium/sulphur and ZEBRA cells,

which work with a solid electrolyte (β′′-alumina, Al2O3) and liquid sodium metal at

around 300 ◦C, there are no commercial sodium battery systems containing sodium

metal today.[6,12,35] Sodium/sulphur cells at ambient temperatures were studied in-

tensively, due to their bene�cial key data such as cheap and abundant reactants, but

their strong dependency on the electrolyte composition still causes a lot of problems

that have to be solved before they can fully be commercialised.[44]

Recently, sodium/oxygen cells (Na/O2 cells) have been studied containing metallic

sodium as anode material.[9,12,36,45] These cell types are working with sodium super-

oxide as reaction product and linear glycol ethers (�glymes�) as electrolyte solvents.

Very recently, these glymes were found to be bene�cial when combined with metallic

sodium anodes forming a very thin and �exible surface layer (SEI) and enable good

reversibility and cycling behaviour.[46]
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1.2 Research results for sodium-ion batteries

Graphite

The fact that graphite is not suitable to store sodium ions to a signi�cant amount be-

tween its layers was a huge setback to the development of sodium-ion batteries.[31�33]

Apart from sodium, all alkali ions are known to form so-called binary graphite in-

tercalation compounds (b-GIC) of the composition A+C �
n , with Cn being n carbon

atoms of the graphite lattice and A+ an alkali metal ion.[34,47�53] For more details of

the insertion mechanism see section 2.2.1. The unfavourable size mismatch between

the sodium ions and the graphite structure, however, leads to an electrochemically

inactivity of graphite towards the insertion of sodium ions.[34,50,54]

Recently, Wen et al. successfully circumvented this mismatch. They oxidized a

synthetic graphite by theHummer's oxidation method[55] and afterwards heated it at

600 ◦C under reductive Argon atmosphere.[56] The interlayer distance of graphite was

expanded by this treatment by around 28% and then allows the reversible storage

of sodium ions in between the galleries of this expanded graphite material (around

280mAh/g at a discharge current of 20mAh/g for several thousand cycles). Strictly

speaking, the resulting carbon materials can no longer be considered as graphite

since the qualitative intercalation behaviour does resembles the one of non-graphitic

carbon.

Carbons

Apart from graphite many di�erent kinds of carbon materials were proposed as

anode materials for lithium-ion[51�53] and sodium-ion batteries.[19�22,57�62] These non-

graphitic carbons exhibit a disordered structure which deviates more or less from

the well-ordered structure of graphite. These carbons contain crystalline, graphitic

domains consisting of single-layer graphene or/and small stacks of few graphene

layers within a disordered, non-crystalline matrix. This means that these carbons

do not exhibit a long-range order. The graphene stacks are slightly tilted towards

each other and may have an expanded gallery height or exhibit a non-ideal parallel

orientation towards each other. Due to the tilted stacks, nanopores/nanocavities
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1 Introduction

form additionally. This structural motive is denoted as �house-of-cards� or �falling

cards� model.[53,57] Because of their special structure the insertion of alkali ions is

di�erent when compared to graphite. The ions can be stored in between two layers

of graphitic domains, at the edges of the single stacks or by the accumulation inside

nanopores or nanocavities, allowing a higher charge storage capacity than graphite.

The reversible intercalation starts for both, Li+ and Na+, at potentials of around

1.0V vs. the corresponding redox couple and the voltage characteristics show no

staging behaviour as in graphite. At 1.0V the population of the graphitic domains

occurs, at lower potentials the nanopores and nanocavities are �lled by adsorption or

accumulation of Li+ or Na+ clusters or agglomerates.[53] Unfortunately, the charge

storage is not fully reversible in the initial cycles. Most non-graphitic carbons exhibit

irreversible charge losses up to 60% of the reversible capacity and are therefore

just not ready to be implemented into commercial cells.[19�22] Only few commercial

producers entered the market till today.[63]

In other approaches it was tried to tailor the nanostructure of carbon synthetically

to develop structures with just the right dimensions to accommodate sodium ions,

such as porous carbons,[64] carbon nanosheets,[65] hollow carbon nanospheres[66] or

hollow carbon nanowires.[67] Since these synthetic approaches mostly are complex

and costly, there are still many problems and challenges to solve before a possible

commercialisation of these tailored nanocarbons.

Conversion type materials, alloys and titanates

One way to improve energy densities of electrodes for sodium-ion batteries is to

selectively increase the ion storage capacities of the electrode material. One possible

approach is to use conversion reactions as electrode reaction. Thereby, a transition

metal compound M−X (M = transition metal ion, X = �uorides, oxides, phosphides,

sulphides,...) undergoes a reaction with an alkali metal forming the alkali compound

(A−X) and metallic nanoparticles, layers or dendrites from the transition metal (M),

yielding much higher capacities than intercalation materials.[6�8,10,11,20,68]
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1.2 Research results for sodium-ion batteries

Another approach is to use alloy-forming metals such as Sn, Pb, Si, Ge, Sb or

many others to form binary alloys with sodium, such as Nax−M. These compounds

are attractive materials for charge storage since a single atom may be combined

with multiple Na ions and so yield much higher capacities than hard carbon or

graphite.[6�8,10,13,19,20,69] Especially, the bulk materials and nanostructured material

of tin[70�73] and antimony[74] have been studied recently.

One main problem of conversion type and alloy-forming materials so far lies in

the signi�cant volume expansion of the electrode material during insertion of the

sodium ions, leading to structural disintegration of the electrode. Another issue are

signi�cant charge losses within the �rst few cycles,[13,19,20,68] but the fact that there

are manifold combinations for electrode reactions in conversion and alloy type cells

and consequently very variable equilibrium voltages combined with high capacities

(> 400 mAh
g ) still triggers activity in this research �eld.

Apart from these, layered host materials are studied as well. Titanates, such as

Na2Ti3O7 or NaTi3O6(OH) · 2H2O being the most promising materials for NIBs,

o�ering �at potentials at reasonably low intercalation potentials (> 1.0V) delivering

capacities between 80 mAh
g and 150 mAh

g .[75]

1.2.2 Electrolytes

The research on suitable electrolytes for sodium-ion batteries is still in its infancy.

For a long time, it was exclusively tried to establish carbonate based electrolytes,

comparable to those implemented into lithium-ion batteries. But since the solvation

properties and the formation of electrode surface layers are distinctively di�erent

from those in lithium based systems no lasting progress was made in this research

�eld so far.[76�81]

The state-of-the-art electrolyte for sodium-ion batteries at the moment is sodium

hexa�uorophosphate (NaPF6) as conductive salt in PC (propylene carbonate) or a

mixture of PC and EC (ethylene carbonate) as electrolyte solvent. In case of electrode

materials with a high volume expansion, such as alloy based electrodes, the addition
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of �uoroethylene carbonate (FEC) is common.[79,82] Propylene carbonate (PC) is

not used in commercial LIBs since it is not compatible with graphite electrodes.

Already in the 1970s it was found that, when PC was used, as electrolyte solvent

it is co-intercalated into the graphite structure which triggers gas evolution and the

structural decomposition of the electrode.[83�85]

Other electrolyte solvents that are more bene�cial for sodium-ion than for lithium-

ion batteries are �glymes� (a group of linear ethers with di�erent chain length, ethy-

lene glycol (dimethyl ethers)). These were proposed as solvents due to their bene�cial

thermodynamic properties and viscosities[86] and were tested as electrolyte solvents

in metal-air cells (Li/O2 and Na/O2 cells) which contain metallic alkali metals as an-

ode material.[87,88] While glymes seem not to form a stable SEI on metallic lithium,

leading to dendrite formation and capacity fading,[89,90] they seem to be working very

well for sodium-oxygen cells,[36,91] were a thin and �exible surface �lm is formed atop

of the sodium metal surface.[46]
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2 Graphite as intercalation host

Aim of this research project was to activate graphite for the electrochemical in-

sertion of sodium ions. Graphite electrodes were prepared by the standard pro-

cedure currently used in lithium-ion technology, however, due to the inability of

graphite and sodium ions to form binary graphite intercalation compounds (b-GIC),

it was necessary to �nd another electrode reaction by modifying the electrolyte

composition.[31�33]

In this chapter the de�nition of the term �graphite intercalation compound� (GIC)

will be recalled and the applicable characterization methods for these compounds

are summarized (section 2.1). Furthermore, the basic insertion mechanisms into

graphite are described (section 2.2). Finally a model is proposed to use the electrolyte

solvent as active cell component (section 2.3), changing the electrode reaction from

intercalation (section 2.2.1) to co-intercalation reaction (section 2.2.2).

2.1 Structure and characterisation

Graphite intercalation compounds are a material class with a great variety of struc-

ture and compositions based on the ability of storing di�erent species in between

the relatively weakly interacting graphene layers. Thereby graphite shows an redox-

amphoteric behaviour forming donor (e.g. with alkali metal ions) as well as acceptor

compounds (with FeCl3 for example). GICs were �rst described in a scienti�c paper

in 1840 by Schafhäutl.[92] He observed the formation of yellow and blue graphite

alongside with a dilation of the graphite �akes when treating them with sulphuric

acid or other oxidizing agents. They were �rst described as electrode material in
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2 Graphite as intercalation host

1938 by Rüdor� and Hofmann.[47]

Per de�nition, intercalation compounds are formed by the insertion of atomic or

molecular layers of guest species (atoms, ions, molecules or complexes) between the

layers of a host material. No major structural modi�cation of the host structure takes

place.[93] A charge transfer between the guest species (intercalant) and the host struc-

ture occurs. An intercalation-ready material exhibits strong intra-planar binding and

weak inter -planar forces.[93�100] The most prominent examples for intercalation-ready

materials are graphite and transition metal dichalcogenides.[96,101,102] The resulting

fundamental structural unit of the forming intercalation compound is depending on

the host material. In the case of graphite, for example, usually atomic monolayers of

the intercalants are formed in between two adjacent layers of the graphite host, while

for transition metal dichalcogenide such as TiS2 a three-layered sandwich of S-Ti-S

of the host structure is formed and separates the intercalant layers.[102] An overview

of the most important vocabulary of intercalation reactions is listed in table 2.1; a

graphical representation is shown in �gure 2.1.

The formation mechanisms of graphite intercalation compounds haven been ex-

tensively studied in the 1970s and 1980s and are described in a number of seminal

review articles and books.[93�102] In contrast to the b-GICs, the t-GICs are scarcely

investigated up until today. The ternary compounds were studied from the 1960s

till 1990s mainly in Germany and Japan with the focus on their synthesis and struc-

tural analysis.[97,103�108]Overall, the underlying principles of the GIC formation can

be summarized as follows:

� During the intercalation of intercalants into an intercalation host, an ordering

mechanism occurs, the so-called staging.

� The intercalants are not randomly intercalated but instead in a periodic ar-

rangement of n layers of the host material in between the intercalant layers,

with n denoted as stage index. Due to its highly ordered structure, graphite

exhibits the most distinct staging behaviour and the highest accuracy of the

formatted stages of all known intercalation hosts.
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2.1 Structure and characterisation

Table 2.1: Vocabulary and de�nitions of intercalation reactions.[93�98]

term description

intercalation host a layered, lamellar material with strong intra-planar
binding forces and weak inter -planar binding forces

intercalant chemical species intercalated into an intercalation host
(atoms, ions, molecules or complexes)

intercalation insertion of intercalants into an intercalation host,
without major structural modi�cation of the host

staging ordering phenomena during intercalation; intercalants
are only situated in a fraction of the interlayer spaces,
which exhibit a de�ned distance towards each other

stage 1 single layers of intercalant and graphite layers alter-
nate; highest, possible amount of intercalant species
that can be stored inside a given host material

stage 2 two layers of graphite layers separate each intercalant
layer from each other

stage n n layers of graphite layers separate each intercalant
layer from each other

� This staging mechanism is, �rstly, caused by a stronger interaction between

intercalant�intercalant than the interaction between the intercalant and the

intercalation host. The introduction of each intercalant layer secondly adds

a substantial strain within the crystal lattice of the intercalation host due

to the necessary expansion in c-direction. The avoidance of strain favours

the intercalation of a minimum of intercalant layers at a given intercalant

concentration. Therefore, the minimal energy necessary corresponds to a close-

packed, in-plane intercalant arrangement with the largest possible separation

between the minimum amount of intercalant layers.
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2 Graphite as intercalation host

Due to the amphoteric behaviour and weak van-der-Waals inter -planar interaction,

graphite is suitable to form a wide variety of intercalation compounds. The most

important structural motives are listed in table 2.2. The most prominent graphite

intercalation compounds are:

a) binary Li-GICs for lithium-ion batteries[53,94,109] based on the reversible inter-

calation /deintercalation of lithium ions

b) binary alkali-GICs into transition metal dichalcogenide for physical studies on

selective Fermi level �lling and electronic conductivity[102]

c) the chemical formation of ternary GICs as an intermediate stage that decom-

poses and releases solvent molecules with the graphite lattice and therefore

triggers exfoliation to obtain graphene as reaction product.[110]

Graphite intercalation compounds can be prepared by chemical route or electro-

chemically; details will be discussed in section 2.2.

Characterisation methods

The easiest way to track the formation of graphite intercalation compounds and their

stages is measuring the dilation of the graphite particles during intercalation and de-

intercalation in-situ or ex-situ via microscopic methods or di�raction.[96,100,111�115]

The stage formation and therefore the formation of GICs can be tracked via elec-

trochemical measurements such as galvanostatic cycling and cyclic voltammetry.[100]

Since the electrochemical characterisation and X-ray di�raction deliver the most ac-

curate overview over the stages formed during intercalation reaction this study will

focus on these methods and they are described in detail in the following paragraphs.

When handling graphite intercalation compounds, especially those containing alkali

ions, it always has to be kept in mind that these might be highly reactive towards wa-

ter and oxygen, for example, and therefore should best be handled under protective

atmosphere.
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2.1 Structure and characterisation

Table 2.2: Vocabulary and de�nitions of graphite intercalation compounds.[93,95�98]

term description

GIC graphite intercalation compound, formed by intercala-
tion of an intercalant into a graphite host structure

acceptor-GIC intercalation of an intercalant with acceptor proper-
ties, this means the graphite intercalation host is do-
nating electrons (for example C+

8 Br
� )

donor-GIC intercalation of an intercalant with donor properties,
the graphite intercalation host is accepting electrons
(for example K+C �

8 )

b-GIC binary GIC: intercalation host of a single intercalant

t-GIC ternary GIC: intercalation of two di�erent intercalants

homogeneous GIC two intercalants are located in the same gallery of the
host structure, ordered or disordered structure of the
guest layers depending on the intercalant-intercalant
and intercalant-host interactions

heterogeneous GIC two intercalants are located in di�erent gallerys of the
host or form separated layers within the same gallery

Electrochemical methods: The staging phenomena occurring during the interca-

lation of intercalants into the graphite structure allows the observation of the kind

and degree of intercalation (i.e. the determination of the corresponding stages) via

electrochemical measurements. For each stage an free Gibbs reaction enthalpy can

be calculated according to:

∆rG = −z · F · E (2.1)
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2 Graphite as intercalation host

With z being the number of the transferred electrons, F the Faraday constant and

E the cell voltage.

When reducing graphite electrochemically in an electrolyte containing the interca-

lating species, speci�c potential plateaus do occur, indicating the two-phase regions

in between two stages (i.e. coexistence of two phases). The highest packing density

of the intercalant inside the graphite host is denoted as stage 1 and is dependent

on the species that is intercalated (i.e. spatial requirements, intercalant-intercalant

and intercalant-host interactions). Since the intercalation potentials depend on the

kind of GIC that is formed, galvanostatic cycling measurements can additionally be

used to distinguish which kind of compound is formed. Under potentiodynamic con-

trol (cyclic voltammetry) the region where two stages coexist can be determined as

current peaks.[53]

X-ray di�raction: The intercalation of a guest species is always accompanied by an

increase of the interlayer distance of two adjacent graphite planes (i.e. c-direction of

the crystal lattice). Therefore, X-ray di�raction (XRD) is a versatile option to track

the formation of GICs either by in-situ or ex-situ measurements.[48,58,96,115�119]

Calculation of the re�ex positions: The change of the average interlayer dis-

tance leads to a series of new re�exes which can be easily distinguished from the

re�exes of pristine graphite (�gure 2.2). One method to determine the stage number

and interlayer distance between graphite layers including the intercalants is to cal-

culate structural factors and has been described in detail by Abe et al..[108] A more

convenient method is the following:

� Each of the new occurring re�exes is indexed by (00l), since the well-oriented

graphite only exhibits these and the (hk0) re�exes therefore can be ignored.

� From the series of appearing di�raction lines, with help of the Bragg equation

(2.2), the d -spacing can be calculated.
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2.1 Structure and characterisation

� Multiplying the d -value with the index l of the re�ex leads to the most probable

repeat distance, called Ic.

This value describes the repeat distance along the c-direction of the graphite in-

tercalation compound (equation 2.3).[96,119�121] It is an indicator which stage of a

graphite intercalation compound is formed. All calculations are simply based on

geometrical assumptions and the formation of the pure intercalation stages (equa-

tion 2.3 and �gure 2.1). The quantities used in equations 2.2 and 2.3 are listed and

described in table 2.3.

nxrd · λ = 2 · d · sin(θ) (2.2)

Ic = ∆d+ n · c0 = di + (n− 1) · c0 = l · d(00l)n = (l + 1) · d(00l)n+1
(2.3)

Table 2.3: Description of the quantities used in the Bragg equation (equation 2.2)
and for the repeat distance (equation 2.3).

quantity description

nxrd scattering order, positive integer; here nxrd = 1
λ wavelength of the incident beam; here Cu-Kα1 = 1.54 Å
θ scattering angle between the incident beam and the planes of graphite
Ic repeat distance of the graphite intercalation compound
n stage number
c0 pristine graphite gallery height; c0= 3.355 nm[53]

∆d thickness of one intercalant layer
di gallery height of an intercalated layer

d(00l)n distance of plane spacings of the (00l) plane of stage n
l index of the (00l) plane
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2 Graphite as intercalation host

Figure 2.1: Schematic drawing of the staging mechanism occurring during inter-
calation of an intercalant into the graphite host structure (model by
Rüdor�[49]). The equations for calculating the repeat distance, the thick-
ness of one intercalant layer and the gallery height of an intercalated layer
are shown for the highest three stages (stage 1 - stage 3). This model
represents an idealized case for the intercalation in a graphite material
with perfect long-range order. A practically more relevant staging model
was proposed by Daumas and Herold[122] and con�rmed by electron mi-
croscopy and in-situ Raman spectroscopy.[123,124] This model is more
applicable for stages higher than 1, since it proposes the necessary bend-
ing of single graphene layers at certain points. In contrast to the above
shown model where an intercalant layer is extended from one end of a
graphite crystal to the other, in this model multiple intercalant islands
are formed. However, for a stage 1 compound, which is examined solely
in this study, no di�erence between the Daumas-Herold model and the
above shown Rüdor� model can be observed and therefore is neglected.
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2.1 Structure and characterisation

The re�exes of pure intercalation stages without any deviation from the ideal

structure can be calculated according to:[120,125�127]

d(00l)n =
1

l
· [di + (n− 1) · c0] (2.4)

In �gure 2.2 the re�ex positions for the pure intercalation stages of LiC6 and KC8,

LiC12 and LiC18 are calculated and shown in comparison with the most intense

di�raction line of pristine graphite. The introduction of a guest species leads to a

downwards shift of the main di�raction line along with the appearance of a series

of new and equidistant re�exes. How strong the main re�ex shifts depends on the

species that is intercalated (the bigger the intercalant the more pronounced the shift)

and on the stage that is formed (the stages with higher numbers, i.e. stages with

lower intercalant density, exhibit more re�exes with a lower spacing between them).

Without the calculation of structural factors it can only be estimated what the

intensity ratios of the di�erent re�exes will be. Roughly, it can be said that the re�ex

with the highest intensity in stage n is (00n) for binary Li+-GICs and K+-GICs.

For bigger intercalants and ternary GICs it is know to be (00 n+1) or (00 n+2)

depending on the intercalant layer thickness ∆d.[125�127] As a rule-of-thumb, the

most intense line is always the one closest to the main di�raction line of pristine

graphite (d(002)=3.355 Å). This is especially true for higher stage numbers, since

due to the higher dilution of the intercalant within the graphite lattice, only small

deviations from the pristine graphite structure are caused.

With the equations described above t-GICs can be identi�ed easily, if it is ensured

that they are handled under protective atmosphere to prevent their decomposition.

The easiest way is to prepare the samples inside an argon-�lled glovebox and cover

them with a polyethylene foil[128] or a Kapton tape[129] before the measurement.

Since these covers may weaken the intensities of the re�exes at low scattering angles,

these should be neglected and only the main di�raction line or re�exes at higher

scattering angles be used to determine the intercalant thickness.[130]
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(a)

(b)

Figure 2.2: Calculated re�ex positions (using eq. 2.4) for (a) graphite, LiC6 and KC8,
(b) graphite, LiC6, LiC12 and LiC18. The introduction of an intercalant
into graphite leads to a downwards shift of the di�raction line with the
highest intensity along with the appearance of a series of equidistant
re�exes. How strong the shift is depends on the intercalant and stage.
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2.2 Insertion mechanisms into graphite

2.2 Insertion mechanisms into graphite

There are two kinds of reversible insertion mechanisms for graphite materials. Firstly,

the intercalation of a guest species forming GICs. Secondly, the adsorption of the

species on the edges of individual graphene layers or in nanopores developed by the

tilt of single graphene stacks towards each other in graphite materials with small

particle sizes or graphitic carbons with a less distinct long-range order.[53] Since this

study was focused on synthetic graphite with large particles and a high long-range

order, the adsorption mechanisms are not described in detail here. For more infor-

mation see section 1.2.1 in the subsection �Carbons� alongside with the references of

relevant publications on this research topic.

The next subsections will focus on the details of intercalation and co-intercalation

reactions and sum up the most important research results (sections 2.2.1 and 2.2.2)

describing chemical and electrochemical routes to prepare them. The most relevant

reviews on graphite intercalation compounds are listed in table 2.4.

Table 2.4: Survey of reviews on graphite intercalation compounds.

Reviews on GICs year/author Ref.

Chemistry of GICs 1976/Ebert [95]

Physics of GICs 1981/Dresselhaus [96]

Review on GICs as electrode material 1982/Flandrois [99]

Review of theory of GICs 1985/DiVincenzo [50]

Book chapter: Review of physics of GICs 1986/Dresselhaus [101]

Physical review on layered materials 1987/Dresselhaus [102]

Physics of t-GICs 1988/Solin [97]

Iupac nomenclature of GICs 1994/Boehm [98]

Electrochemistry of GICs 1998/Noel [100]

Iupac Goldbook on intercalation reactions 2007/Aleman [93]

Theoretical paper on b-alkali-GICs 2013/Nobuhara [34]
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2.2.1 Intercalation into graphite

The term intercalation is typically used to describe the introduction of a single species

into the graphite lattice without disturbing the planarity of the graphite planes sig-

ni�cantly. The products of this cell reaction are denoted as binary graphite inter-

calation compounds (b-GICs). Graphite is showing amphoteric behaviour, allowing

the reversible intercalation of cationic and anionic species.[131]

Donor-type b-GICs:

(graphite reduction & cation uptake)

Cn + xe− + xI+ 
 I+xC
−
n (2.5)

Acceptor-type b-GICs:

(graphite oxidation & anion uptake)

Cn + xI− 
 xe− + I−xC
+
n (2.6)

With Cn being n carbon atoms of the graphite lattice, I+/I� being cationic and

anionic intercalant species, e� being electrons and x a positive integer.

Well-studied examples for cation intercalation are the alkali ions Li+ and K+ form-

ing LiC6 and KC8, respectively.
[30,48] While the LiC6 formation is used commercially

as charge storing electrode reaction in lithium-ion batteries, so far there are no prac-

tical applications for the binary potassium-GICs.[132,133] Prominent examples for the

intercalation of anions into the graphite structure are the hexa�uorophosphate anion

(PF �
6 ) and the tri�uoromethanesulfonylimide anion (TFSI� ).[134,135] These anion

intercalation mechanisms are intensively studied for their application in so-called

Dual-Ion cells. These cells are based on a hybrid mechanism in between batter-

ies and supercapacitors, where the energy is stored by intercalating cations into a

graphite anode while intercalating anions into a graphite cathode. This kind of cell

reaction is mainly hindered by the electrochemical stability window of the electrolyte,
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which leads to decomposition of the electrolyte before anion intercalation.[119,131]

In the following paragraphs relevant publications on the chemical and electrochem-

ical formation of binary graphite intercalation compounds are described and listed

(table 2.5 and table 2.6).

Chemical formation of b-GICs

The chemical intercalation of anions and cations into graphite proceeds mainly via

two di�erent approaches. Firstly, via melt-in�ltration where the intercalant and

graphite are placed in evacuated vessels and are heated until the intercalant is liquid

or gaseous.[31,48,49,92,115,136] Secondly, via solution methods where a salt contain-

ing the intercalant species is dissolved in an appropriate solvent and mixed with the

graphite host material and a reducing or oxidizing agent in an appropriate, usually or-

ganic, solvent at ambient or slightly increased temperature (30 ◦C-100 ◦C).[47,109,116]

In contrast to the other alkali metals only a minor fraction of sodium ions can be

chemically intercalated into graphite (NaC64 vs. LiC6, KC8, RbC8 and CsC8).
[31,49]

Table 2.5: Literature survey on b-GICs prepared by chemical preparation routes.

Chemical preparation b-GICs year/author Ref.

First description of GICs: Colour & dilatation 1840/Schafhaeutl [92]

b-HSO �
4 -GIC: Preparation and characterisation 1938/Ruedor� [47]

b-K-GIC: Preparation and characterisation 1954/Ruedor� [48]

b-Na-GIC: Preparation of NaC64 1959/Asher [31]

b-K,Rb,Cs-GICs: Preparation & characterisation 1959/Ruedor� [49]

b-HSO �
4 -GICs: Preparation and characterisation 1978/Besenhard [109]

b-K,Rb,Cs-GICs: X-ray di�raction 1978/Chung [115]

b-K-GIC: Stability of di�erent stages 1996/Oh [136]

b-TFSI� -GIC: Anion intercalation & XRD study 1998/Zhang [116]
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Electrochemical formation of b-GICs

The electrochemical formation of b-GICs is more advantageous than the chemical

formation, since the amount of stored charge and therefore the formed stage can be

easily controlled by measuring the cell voltage. Furthermore it allows the synthesis at

room temperature. It proceeds mainly through the galvanostatic reduction/oxidation

of graphite vs. a metallic counter electrode in organic solvents or a mixture of organic

solvents,[78,117,132,134,137] polymer electrolytes[32,33,112] or ionic liquids,[119,131,135] de-

pending on the voltage range where the intercalation of the guest species occurs.

Just as the b-GICs formed via chemical preparation routes, all alkali metals except

sodium can electrochemically be intercalated to a su�cient and comparable amount

(NaC64 vs. LiC6, KC8).
[32,117,132]

Table 2.6: Literature survey on b-GICs prepared electrochemically.

Electrochemical preparation b-GICs year/author Ref.

b-Na-GIC: Formation of NaC64, polymer electrolyte 1988/Ge [32]

b-Na-GIC: Formation of NaC70, polymer electrolyte 1993/Doe� [33]

b-Li-GIC: Structural characterisation 2000/Hightower [117]

b-PF �
6 -GIC: Anion intercalation & structure 2009/Maerkle [134]

b-K-GIC: Electrochemistry & structure 2010/Liu [112]

b-TFSI� -GIC: Electrochemistry anion intercalation 2012/Placke [135]

b-TFSI� -GIC: XRD study anion intercalation 2013/Schmuelling [119]

b-Anion-GICs: Di�erent anions & XRD study 2014/Placke [131]

b-K-GIC: Electrochemistry and XRD study 2015/Komaba [132]

2.2.2 Co-intercalation into graphite

The term co-intercalation describes the introduction of a single species alongside

another intercalant species into the graphite lattice. The second intercalating species

is either another intercalant species or the solvation shell of the �rst species. The

simple term �co-intercalation� is more commonly used for the co-intercalation of
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2.2 Insertion mechanisms into graphite

a cationic or anionic species alongside with their solvation shell. The products of

both of these cell reactions are denoted as ternary graphite intercalation compounds

(t-GICs).

Generally, co-intercalation phenomena are regarded as harmful for the cycle sta-

bility of an electrode material, since the intercalation of the solvation shell is often

linked to exfoliation of the graphite material. In LIBs, the co-intercalation of sol-

vents often leads to the exfoliation and subsequently to the disintegration of the

graphite electrode. To increase the cycle life of LIBs it is regarded as absolutely

necessary to suppress co-intercalation reactions[51�53,106,138,139] (by formation of pro-

tective solvent-impermeable surface �lms, SEI[29]) or to prevent them (by decreasing

the solvation number of the alkali ions[140,141]).

This study will focus on t-GICs formed by the co-intercalation of solvent molecules.

As for the binary compounds, in theory graphite shows amphoteric behaviour, al-

lowing the reversible intercalation of cationic and anionic species or complexes.[97]

Donor-type t-GICs:

(graphite reduction & cation + solvent uptake)

Cn + xe− + xI+ + y · solv 
 I+x (solv)yC
−
n (2.7)

Acceptor-type t-GICs:

(graphite oxidation & anion + solvent uptake)

Cn + xI− + y · solv 
 xe− + I−x (solv)yC
+
n (2.8)

With Cn being n carbon atoms of the graphite lattice, I+/I� being cationic and

anionic intercalant species, x·e� being x electrons, y·solv being y solvent molecules.

A well-studied example for a cation and solvent co-intercalation is Li+ and DMSO

(Dimethylsulfoxide) or Li+ and DME (Dimethylether) forming Li(DMSO)C24 and

Li(DME)C18, respectively.
[104,105,107,142,143] To the best of the author's knowledge

23



2 Graphite as intercalation host

there is no practical example for the anion and solvent co-intercalation to be found

in scienti�c literature, but in theory it should work like the cation and solvent co-

intercalation. The missing of reliable, experimental data maybe due weak solvation

of the �large� anions due to their lower charge density compared to cations.

The intercalation of solvents into graphite sometimes leads to the exfoliation of

the graphite into single graphene layers or small graphene stacks, depending on the

solvent-graphite interaction. It was therefore proposed as large-scale preparation

technique for graphene.[110]

In the following paragraphs relevant papers on the chemical and electrochemical

formation of ternary graphite intercalation compounds are described and listed (table

2.7 and table 2.8).

Chemical formation of t-GICs

The chemical co-intercalation of cations and their solvation shells into graphite pro-

ceeds via solution methods where a salt containing the intercalant species is dis-

solved in an appropriate solvent and mixed with the graphite host material and a

reducing or oxidizing agent. As solvent usually an organic solvent at ambient or

slightly increased temperature (30 ◦C - 100 ◦C) is used, comparable to the chemi-

cal formation of the b-GICs. As co-intercalating solvents, mostly linear or cyclic

ethers with di�erent amounts of coordinating oxygen atoms are chosen, such as

THF (tetrahydrofuran),[108,118] or glymes.[128,144,145] Amides and sulphonamides as

co-intercalating solvents are studied less intensely.[103,146]

In contrast to the formation of the b-GICs, the t-GICs of sodium and solvents can

be synthesized easily to the same degree as for all other alkali metals.[128,144,145]
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2.2 Insertion mechanisms into graphite

Table 2.7: Literature survey on t-GICs prepared by chemical preparation routes.

Chemical preparation t-GICs year/author Ref.

t-Li,Na-GICs: Co-intercalation of amides 1968/Ginderow [103]

t-Li,K,Rb,Cs-GICs: Co-intercalation of THF 1997/Mizutani [108]

t-Na-GIC: Co-intercalation of ethers 1998/Tanaike [144]

t-Li,K-GICs: Co-intercalation of ethers 2001/Inagaki [145]

t-Li,K,Rb,Cs-GICs: Co-intercalation di�. solvents 2002/Mizutani [128]

t-Li-GIC: XRD study, co-intercalation of THF 2011/Henderson [118]

t,q-Li,Na-GICs: Structural characterisation 2012/Maluangnont [146]

Electrochemical formation of t-GICs

The electrochemical formation of t-GICs proceeds mainly through the galvanostatic

reduction/oxidation of graphite vs. a metallic counter electrode in organic solvents.

It is more advantageous than the chemical route, since the amount of stored charge

and therefore the formed stage can be easily controlled by measuring the cell voltage

and it allows the synthesis at room temperature. Additionally, it gives evidence

about thermodynamic and kinetic properties of the proceeding electrode reaction

and allows conclusions about the reversibility of the co-intercalation mechanism.

Thereby linear and cyclic ethers as well as DMSO were found to co-intercalate in

reasonable amounts.[104�107,142,143,147]

Just like the t-GICs formed via chemical preparation routes, the ternary com-

pounds of sodium and solvents can be co-intercalated easily to the same degree as

for all other alkali metals.
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2 Graphite as intercalation host

Table 2.8: Literature survey on t-GICs prepared electrochemically.

Electrochemical preparation t-GICs year/author Ref.

t-NMe +
4 ,Li/DMSO,DME-GIC: Cyclic voltammetry 1974/Besenhard [104]

t-Alkali,NMe +
4 /DMSO,DME-GIC: Staging 1976/Besenhard [105]

t-Alkali,NMe +
4 /DMSO,DME-GIC: Staging 1980/Besenhard [142]

t-GIC: Review on t-GIC 1983/Besenhard [106]

t-Li/DMSO-GIC: Staging phenomena 1991/Schoderboeck [107]

t-Li/solvent-GIC: Co-intercalation vs. intercalation 2003/Abe [147]

t-Li/DMSO,DME-GIC: De-solvation energies 2004/Abe [143]

2.3 Model for co-intercalation of glymes

While lithium and the larger alkalis such as potassium, rubidium, caesium do form bi-

nary graphite intercalation compounds voluntarily, leading to LiC6 and KC8, RbC8,

CsC8, respectively, no such compound can be chemically or electrochemically pre-

pared with sodium ions.[31�33] The fact that sodium ions do not form binary graphite

intercalation compounds as the other alkali metals is usually explained by a size mis-

match between the sodium ion and the graphite lattice. Evidently, sodium ions can-

not energetically favourably be positioned inside the geometry of a graphite crystal.

According to density functional theory calculations, the non-existence of sodium-

rich b-GICs in based on thermodynamic reasons. The insertion of sodium ions into

the graphitic host structure would be accompanied by a strong stretching of the

carbon-carbon bond and is therefore unfavourable.[34]

Since there is no viable option to shrink the sodium ions down to the size of

a lithium ion, the enlargement of the sodium ion may be a way to circumvent the

mismatch between graphite and sodium ions. One way may be the co-intercalation of

the sodium ions alongside with their solvation shell into graphite (equation 2.7). For

sodium ions the co-intercalation of solvent molecules into graphite was described in

detail before but without any links to electrochemical measurements focusing mainly

on their structural characterisation.[108,118,128,144�146]
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2.3 Model for co-intercalation of glymes

To ensure a reversible co-intercalation / de�co-intercalation, an appropriate solvent

should o�er atoms that strongly coordinate sodium as central ion and form ideally a

�exible solvent shell around the sodium ion. Both conditions are necessary to provide

a su�cient stability and �exibility of the complex within the graphite lattice.[148]

Generally, crown ethers are known to form stable and highly ordered complexes

with alkali ions. Their stability is determined by the donor-acceptor interaction

between the oxygen and the alkali ion and the size match between the alkali ion

used and the void in the middle of the crown ether.[149] In case of sodium ions, [15]-

crown-5 exhibits a high complex stability (�gure 2.3, left), but since crown ethers

are relatively expensive and dissolve only small amounts of the conductive salts

that are needed for their application in batteries, it seems their use will not be

feasible. A more appropriate solvent based on the same structural element is diglyme

(Bis(2-methoxyethyl) ether, �gure 2.3, right). With the same coordinating oxygen

atoms it o�ers similar complex stability combined with a higher �exibility due to its

linear ether chain and bene�cial properties as electrolyte solvent, is already studied

alkali/oxygen cells,[36,87,88,91] especially relating to their bene�cial �lming properties

of the alkali metals[46,89,90] and their basic physcial properties such as conductivity

and solubility of conductive salts.[86]

Figure 2.3: Skeletal formulas of [15]-crown-5 (1,4,7,10,13-Pentaoxacyclopentadecane,
left) and diglyme (Bis(2-methoxyethyl) ether, right).

A possible co-intercalation mechanism for diglyme and the alkali ions (Li+, Na+)

is schematically drawn in �gure 2.4. The proposed mechanism is based on the as-
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2 Graphite as intercalation host

sumption that each ion is coordinated by six ether oxygen atoms, based on the most

common coordination number (CN) 6 for complexes in liquids.[150] The intercala-

tion mechanism for diglyme and the alkali ions is still under discussion and object

of intense research. All assumptions and conclusions in this work are based on the

essential assumptions made in �gure 2.4.

Figure 2.4: Model of the electrochemical insertion reaction into graphite based on sol-
vent co-intercalation: An alkali-ion is coordinated by y diglyme molecules
via an alkali ion-oxygen interaction. The resulting complex can reversibly
be inserted /de-inserted into a graphite electrode. When the solvent shell
is inserted alongside with the alkali ion this process is referred to as co-
intercalation.[51] Concept from Jache et al..[129]
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3 Experimental results and discussion

In this chapter a �rst test of the proposed co-intercalation electrode reaction from

section 2.3 is carried out (experimental details in section 3.1). At �rst, the inability

to intercalate �bare� sodium ions into a graphite electrode from a carbonate based

electrolyte is reproduced and compared to analogously constructed lithium cells (sec-

tion 3.2). Afterwards, measurements in a diglyme based electrolyte are conducted

and characterized by electrochemical measurements and X-ray di�raction (section

3.3), proving that the solvent molecules participate in the electrode reaction. An

preliminary conclusion is given in section 3.4.

In section 3.5 the e�ect of di�erent chain lengths of the linear ethers (glymes)

is tested to make a statement about coordination e�ects that may a�ect the co-

intercalation process. Furthermore, the steric hindrance for the co-intercalation

electrode reaction is increased by using linear ethers with side groups. Conclud-

ing this study, �rst electrochemical measurements on sodium-ion full cells based on

graphite/diglyme/P2-Na2/3Ni1/3Mn2/3O2 are shown in section 3.6.

3.1 Experimental details

Electrode slurries were made from graphite powder as-received (SFG-44, synthetic

graphite, particle size 44µm, Imerys S.A.), polyvinylidene �uoride (PVDF Solef

1310, Solvay), and N-methyl-2-pyrrolidone (NMP, Sigma Aldrich). The content of

graphite and binder was 90wt% and 10wt%, respectively. Electrodes were prepared

by doctor blading a slurry onto copper foil (d=10µm, Schlenk). The thickness of

the electrodes was approximately 40µm - 50µm in the dried state. Circular elec-
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3 Experimental results and discussion

trodes (d=1.2 cm) were punched out and contained 4mg�5mg graphite as active

mass each. These were further dried at 120 ◦C for 2 h under vacuum (Büchi tube

furnace) to evaporate residual NMP and then transferred into an argon-�lled glove-

box (GS Glovebox System Technik), where three-electrode Swagelok type cells for

cyclic voltammetry and two electrode coin cells (CR2032,MTI Corporation) for gal-

vanostatic cycling measurements were assembled. Lithium foil (Rockwood Lithium)

or sodium (BASF SE ) were used as the counter and reference electrodes. Whatman

glass micro�bre �lters (GF/A) were used as separators. A commercially available

0.5M solution of lithium hexa�uorophosphate (LiPF6) in 1:1w/w% ethylene carbo-

nate and dimethyl carbonate (EC/DMC, LP30, Selecti-Lyte, Merck) and a self-made

electrolyte containing 0.5M of sodium hexa�uorophosphate (NaPF6, purity >99.0%,

Alfa Aesar) in 1:1w/w% EC/DMC (purity >99.0%, Sigma Aldrich) were used as the

electrolytes. Furthermore single solvent electrolytes based on di�erent glymes were

prepared (monoglyme (1G) purity >99.5%, diglyme (2G) purity >99.5%, triglyme

(3G) purity >99.0%, tetraglyme (4G) purity >99.0%; Di(propylene glycol) methyl

ether (DPGDME) purity >99.1%, Diethylene glycol dibutyl ether (Butyl-2G) pu-

rity >99.0%, 1,5-Dimethoxy pentane (1,5-DMP) purity >98.0% and tetrahydrofuran

(THF) without inhibitor purity >99.9%, all used as received from Sigma Aldrich)

with 1M lithium tri�ate (LiOTf; purity >99.995%, Sigma Aldrich) or 1M sodium

tri�ate (NaOTf; purity >98.0%, Acros). The solvents were dried over molecular

sieves and the purity was veri�ed by 1H-NMR measurements (200 MHz), (see sup-

plementary information �gure 7.1). No signi�cant amounts of impurities - especially

no water - could be determined.

Electrochemical measurements were conducted at 25 ◦C in a climate chamber using

a Maccor battery cycler (Model 4300). Cells were cycled galvanostatically at a

constant current of 37.2mAh/g (per gram active material) unless otherwise noted

between 0.01V and 3.0V. All potentials reported herein were measured against a

lithium or sodium metallic reference electrode, respectively. Capacities are given in

mAh per gram of active material. Furthermore, cyclic voltammetry was conducted

(Biologic VMP3) with a voltage sweep rate of 0.05mV/s for at least ten cycles. Wide-
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3.2 About the absence of sodium-rich b-GICs

angle X-ray di�raction patterns were recorded with a PANanalytical EMPYREAN

(Cu−Kα source, 40 kV, 40 mA) in a 2θ angular range between 10 ◦ and 80 ◦ under

a protective self-adhesive Kapton foil (VWR) to avoid exposure of the sample to air.

The di�raction patterns were taken in Bragg-Brentano geometry with an automatic

slit on the side of the X-ray source. This ensures that always the same area of the

sample is irradiated and enables good resolution even at higher scattering angles,

though it may lead to a decrease in re�ex intensity at small scattering angles. In

this research project the GICs are identi�ed by re�ex position solely, so the intensity

ratios of the re�exes could be neglected. For the correct prediction of intensity ratios

the structural factors can be calculated, which can be referred to in the previous

papers.[108] In this work the notation of the re�exes follows the concepts described

in section 2.1.

The analysis of di�raction patterns of binary and ternary GICs was carried out

within a cooperation project with Prof. Takeshi Abe from the University of Kyoto.

3.2 About the absence of sodium-rich b-GICs

To prove the suitability of the prepared graphite electrodes and reproduce the state-

of-the-art of b-alkali-GICs, half cells with lithium and sodium were build using a

carbonate based electrolyte.1 As half cells those cells are denoted where an active

material, in this case graphite, is measured against a metallic alkali electrode.

While for the lithium half cells the formation of LiC6 is expected, it should not

be possible to form and to characterise the corresponding sodium-rich compounds

(�NaCx�), meaning that graphite is an electrochemically almost inactive material

towards sodium ion intercalation.[32,53]

1Part of the experimental data and �gures shown were published in Angewandte Chemie Inter-

national Edition and were adapted from Ref. [1] for this work with permission from the John

Wiley and Sons.
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3 Experimental results and discussion

3.2.1 Electrochemical characterisation in carbonates

Carbonates o�er bene�cial properties for their application as electrolyte solvents.

Especially mixtures of ethylene carbonate and other carbonates (such as dimethyl

carbonate (DMC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), and

others) o�er a good compromise exhibiting a high relative permittivity, low viscosi-

ties, inertness against inactive cell components, a wide liquid region over a wide

temperature range and are non-toxic and economically viable.[78,137] Additionally,

carbonates do form stable surface �lms (SEI layers) on graphites and carbon elec-

trodes that act as a sieve for lithium ions and prevent the exfoliation of the electrode

and thereby enhance the cycle stability.[29,52,53,151] So far, the transfer of those ben-

e�cial properties to sodium cells and the intercalation of sodium ions into graphite

has been proven to be di�cult to impossible. Due to the di�erent solubilities of

sodium compounds in contrast to lithium compounds in the electrolyte solvents and

an insu�cient surface �lm formation, several adjustments for sodium cells are nec-

essary. The development of carbonate based sodium electrolytes is therefore still in

progress.[76�79,81,152]

The theoretically obtainable capacity for the formation of LiC6 is 372mAh/g, cal-

culated by equation 3.1. For the, so far unobserved and therefore unde�ned, sodium-

rich binary GICs (�NaCx�) it might be something between 372mAh/g (�NaC6�) and

279mAh/g (�NaC8�), if sodium ions would behave exactly the way lithium or potas-

sium ions do. Sodium-lean b-GICs have been described in literature before (such as

NaC64).
[31,32]

qth =
νe− · F
Mx

(3.1)

With νe− the number of transferred electrons during the discharge reaction, F the

Faraday constant (96,485.33C/mol = 26,801.48mAh/mol) and Mx the molar mass of

the reaction product upon full reduction of the electrode.
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3.2 About the absence of sodium-rich b-GICs

The �rst discharge/charge cycle of the graphite electrodes in analogous lithium and

sodium half cells measured by galvanostatic cycling and cyclic voltammetry (CV) are

shown in �gure 3.1. As expected, for lithium the stage-wise formation of the b-GIC

can be traced, which manifested itself as potential steps in the capacity-voltage plot

and as current peaks in the CV plot. The di�erential capacity plot, i.e. relative

change of the capacity (increase or decrease) during intercalation/de-intercalation

as a function of the voltage, allows additionally the deconvolution of the current

peaks of the CV measurement and allows, to a certain extent, the identi�cation

of overlapping multi-electron processes (shown in the appendix 7.2b). For sodium

almost no intercalation of sodium ions into graphite can be determined, neither by

galvanostatic cycling nor cyclic voltammetry.

Additionally the cycle stability of the cell reaction was tested by executing galvano-

static cycling for at least �fty cycles. The speci�c capacities of the �rst �fty cycles for

both alkali half cells are shown in the appendix in �gure 7.2a. The lithium cells do

show capacity fading during prolonged cycling, however this may be due to the fact

that the graphite material used is not optimized for the application in lithium cells

and the formation of LiC6. It is most likely that the relatively large particles of the

graphite material of around 44µm su�er from exfoliation, leading to declined kinetics

of the electrode compared to commercially applied graphites.[53,134,151,153] However,

this fading should not be a problem in proving the proposed co-intercalation mech-

anism from section 2.3. From these results it can be concluded that the prepared

graphite electrodes behave just as expected from literature study and that they are

suitable for testing their behaviour towards the co-intercalation mechanism.

3.2.2 XRD-analysis of b-alkali-GICs

The structural analysis of the electrochemically formed b-alkali-GICs was done by

X-ray di�raction. For lithium the formation of LiC6 can be traced clearly (see table

3.1 and �gure 3.2). The values for the re�ex positions and the intercalant layer

thickness are in good agreement with the literature.[117,154] For sodium no changes
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3 Experimental results and discussion

(a) voltage characteristics

(b) cyclic voltammetry

Figure 3.1: (a) Voltage characteristics at a constant current of 37.2mA/g and (b)
cyclic voltammograms at a scan rate of 0.05mV/s of graphite electrodes
in lithium and sodium half cells in a carbonate based electrolyte.

34



3.2 About the absence of sodium-rich b-GICs

in the di�raction pattern can be determined, which can be taken as clear evidence

that no Na-GIC is formed during electrochemical discharge of graphite in a carbonate

based electrolyte which is in good agreement with literature, as well.[32�34]

Table 3.1: Re�ex positions and interlayer distance calculated from equations 2.2 and
2.3 of electrochemically prepared b-alkali-GICs at stage 1 (i.e. full lithia-
tion) determined with wide-angle X-ray di�raction.

sample scattering angle repeat distance intercalant layer thickness
2θ / ◦ Ic / Å ∆d / Å

graphite 26.5 3.36 -
54.5 3.36 -

LiC6 23.9 3.72 (10.7%) 0.36
48.9 3.72 (10.7%) 0.36

Figure 3.2: X-ray di�raction patterns of graphite electrodes in lithium and sodium
half cells in a carbonate based electrolyte. Insertion products recorded
at 0.01V versus the corresponding redox couple after three cycles.
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3 Experimental results and discussion

3.3 Formation of t-alkali-2G-GICs

To make a proof-of-principle of the model for the co-intercalation of glymes into

graphite electrodes proposed in section 2.3, half cells of lithium and sodium were

built using a diglyme based electrolyte.2

Due to the �exibility of the linear ether chain of diglyme similar stability of the

complexes formed are expected for both alkali metals, forming A+(diglyme)yC
�
n ,

respectively.[149] The electrolyte properties of di�erent glymes were tested elsewhere,

exhibiting su�ciently high dielectric constants and low viscosities.[86] However, there

are reports results as well that glymes do react with lithium metal surfaces and do

not form a protective layer comparable to carbonate solvents, and are therefore not

suitable to be used in lithium-ion batteries.[89]

3.3.1 Electrochemical characterisation in diglyme

The �rst discharge/charge cycle of the graphite electrode in analogous lithium and

sodium half cells measured by galvanostatic cycling and cyclic voltammetry are

shown in �gure 3.3. For both alkali metal ions, the formation of an intercalation

phase is detected, which manifests itself as potential steps in the capacity-voltage

plot and as current peaks in the CV plot. The di�erential capacity plot is shown in

the appendix 7.3b for comparison.

For both alkali ions the intercalation is starting at potentials higher than the

�classical� intercalation of �bare� lithium ions in carbonate-based electrolytes. From

the CV plot it can be determined that the intercalation reaction occurs reversible

between 1.30V � 0.60V vs. Li+/Li for the lithium ions (with an irreversible fraction

below 0.1V) and between 1.05V � 0.13V vs. Na+/Na for the sodium ions (�gure

3.3b). These values are a �rst hint on the successful co-intercalation of ions and their

solvent shells since co-intercalation reactions are typically known to occur at higher

2Part of the experimental data and �gures shown were published in Angewandte Chemie Inter-

national Edition and were adapted from Ref. [1] for this work with permission from the John

Wiley and Sons.
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3.3 Formation of t-alkali-2G-GICs

equilibrium potentials compared to the formation of the binary GICs.[155]

The speci�c capacities of the �rst �fty cycles for both alkali half cells are shown

in the appendix in �gure 7.3a. The lithium cells do not show capacity fading during

prolonged cycling as they had done under similar conditions when using the carbon-

ate based electrolyte. This was unexpected, since the co-intercalation of a ion-solvent

complex into the graphite electrode was expected to lead to a more distinct exfolia-

tion than the intercalation of the smaller, �bare� lithium ions.[53,134,151,153]

For both alkali ions similar speci�c capacities of approximately 100mAh/g are de-

termined, and the sodium half cells show a more stable cycling behaviour during

prolonged cycling. We have been able to cycle these unoptimized sodium cells for 600

cycles without capacity fading (�gure 7.4). Recalculating the intercalation species

from the capacity values using equation 3.1 A+(diglyme)yC
�

20 - A+(diglyme)yC
�

21

are obtained, which is in good accordance to values reported in literature for similar

compounds formed by solvent co-intercalation.[104,105,109,142,156]

To verify that no side reactions with the battery inactive materials do occur and

somehow contribute to the electrode reaction during cycling, reference experiments

were conducted. The cycle stability of di�erent current collectors and di�erent con-

ductive salts (i.e. di�erent anions) were tested (�gures 7.5 and 7.6).

When di�erent current collectors at the backside of graphite are used, a strong

link of the choice of collector material on the cycle stability and achievable speci�c

capacity can be found. The more �exible, stretchable and ductile the collector mate-

rial is, the better the cycle stability and the higher the speci�c capacity. This e�ect

is mostly likely caused by the large volume expansion of the graphite active material

upon sodiation, which is around 250% (subsection 3.3.2). When the active mass is

applied onto a Whatman separator, without using any metallic current collector and

graphite is directly electrically contacted, the electrochemical performance is better

than for the surface-treated copper foil from Schlenk and much better than for un-

treated aluminium foil with a smooth surface (�gure 7.5a). These �ndings are mostly

likely linked to the fact that the formation of t-alkali-2G-GICs is accompanied by

a large volume expansion of the graphite particles which can be coped best by a
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3 Experimental results and discussion

(a) voltage characteristics

(b) cyclic voltammetry

Figure 3.3: (a) Voltage characteristics at a constant current of 37.2mA/g and (b)
cyclic voltammograms at a scan rate of 0.05mV/s of graphite electrodes
in lithium and sodium half cells in a diglyme based electrolyte.
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3.3 Formation of t-alkali-2G-GICs

�exible supporting material with a rough surface, i.e. a �exible current collector is

bene�cial for the cycle stability and the achievable capacities of the co-intercalation

electrode reaction. For the basic co-intercalation potentials no di�erence due to the

choice of current collector can be determined (�gure 7.5b).

Figure 7.6 shows the results for di�erent conductive salts and their impact on the

charge/discharge characteristics and cycle stability. In conclusion, the formation of

t-alkali-2G-GICs is almost the same for all tested salts (NaI, NaOTf and NaPF6)

and the choice of conductive salt does not make a signi�cant di�erence for the cycle

stability or the achievable capacities of the electrode reaction.

Scan rate-dependent cyclic voltammetry measurements

To examine the insertion mechanism of the alkali-diglyme complex into graphite

electrodes scan rate-dependent cyclic voltammetry measurements were conducted

and analysed. The dependence of cyclic voltammograms on the scan rates can be used

to distinguish between Faradaic and pseudo-capacitive charge storage.[157�159] For

electrochemical reactions the Faradaic peak currents scale with the square route of

the scan rate and capacitive currents scale linearly with the scan rate. The following

two mathematical expressions were used for analysis with j being the peak current

of a selected redox step and ν the scan rate:

1. The power law dependence of the current density on the scan rate; with b=0.5

for the Faradaic case, b=1 for the pseudo-capacitive case. Plotting log (j) vs.

log (ν) at a constant electrode potential, the slope b is used to conclude on the

Faradaic or pseudo-capacitive nature of the electrochemical process.

j = a · νb =⇒ log(j) = b · log(ν) + log(a) (3.2)

2. The superposition of Faradaic and pseudo-capacitive currents, plotting j/√ν vs.
√
ν at a constant electrode potential. The slope kC and the y-axis intercept
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3 Experimental results and discussion

kF are taken as measures for the pseudo-capacitive (kC · ν) and the Faradaic

(kF ·
√
ν) currents.

j = kC · ν + kF ·
√
ν =⇒ j/

√
ν = kC ·

√
ν + kF (3.3)

Figure 3.4 shows the CV current responses at scan rates between 0.05mV/s -

1.25mV/s for both alkali metals. Several cathodic and anodic current peaks are ev-

ident, but the peak currents are signi�cantly lower for the lithium based cells than

for the sodium based cells. For the main co-intercalation step at around 0.60V -

0.75V the peak currents (marked with Ared/Box) are analysed in detail (appendix

�gure 7.7).

Figure 3.5 shows the separation of the redox peaks Ared/Box at the di�erent scan

rates. From these values it becomes clear that the redox peak separation (i.e. the

overpotential of the electrode reaction) is smaller for the insertion of Na/2G into

graphite than for Li/2G; which is in accordance with the results from galvanostatic

cycling measurements of these systems. The separation between the peak potentials

Eanodic and Ecathodic is increasing with increasing scan rates for both alkali metals,

indicating kinetic limitations for both systems. Additionally, and especially for the

lithium-based system, a broadening of the redox peaks can be determined when scan

rates are increased.

When log (j) vs. log (ν) is plotted at a constant electrode potential, according

to equation 3.2, a linear �t of the data o�ers information on the b-value. A b-value

close to 1 generally indicates that the electrode reaction is surface-limited, i.e. that

capacitive charge storage is proceeding; b-values close to 0.5 points to a di�usion

controlled charge storage reaction. The resulting values are listed in table 3.2 and

from these it can be assumed that the co-intercalation electrode reaction is based on

both, Faradaic and pseudo-capacitive charge storage.

When j/√ν is plotted vs. the
√
ν, according to equation 3.3, it is possible to
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3.3 Formation of t-alkali-2G-GICs

(a) lithium half cells

(b) sodium half cells

Figure 3.4: Scan rate-dependent cyclic voltammetry measurements of graphite elec-
trodes in (a) lithium and (b) sodium half cells in a diglyme based elec-
trolyte. To examine the insertion mechanism of the alkali-diglyme com-
plex the peak currents (Ared/Box) are analysed to distinguish between
Faradaic and pseudo-capacitive charge storage.

41



3 Experimental results and discussion

Figure 3.5: Redox peak separation determined from scan rate-dependent cyclic
voltammetry measurements of graphite electrodes in lithium and sodium
half cells in a diglyme based electrolyte.

quantitatively separate the contributions of the surface-limited (pseudo-capacitive)

and di�usion-controlled (Faradaic) elements of the reactions. From this graph, with

the slope corresponding to kC and the y-axis intercept kF , the contributions the

co-intercalation reaction were determined and are listed in table 3.2.

For both mathematical expressions it becomes apparent that the co-intercalation/

de-co-intercalation reaction is almost equally based on surface-controlled and diffu-

sion-controlled processes. These results are in good accordance with values reported

by other groups working on co-intercalation electrodes. Kang et al. found for their

graphite-diglyme co-intercalation system a b-value close to 0.8 and a Faradaic contri-

bution close to 70%.[156] The di�erent values compared to this study might originate

from a di�erent electrode composition (i.e. di�erent current response due to changed

electronic conductivities). The group of Kang et al. added 20wt% of a conductive

agent to their graphite active material, while the electrode in this study contained
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3.3 Formation of t-alkali-2G-GICs

Table 3.2: Results of the analysis of the charge storage mechanism of Li+/Na+ in
diglyme based electrolytes into graphite electrodes by scan rate-dependent
cyclic voltammetry measurements (see �gure 3.4).[157�159] b-values accord-
ing to equation 3.2 and contributions of the pseudo-capacitive and faradaic
processes on the anodic/cathodic peak current as function of the scan rate
according to equation 3.3.

System b-value (Ared) b-value (Box) kF
√
ν (Ared) kF

√
ν (Box)

/ s/mV / s/mV / % / %

Li/2G 0.74 0.74 67% 68%
Na/2G 0.76 0.72 65% 73%

no conductive agent at all.

It needs to be mentioned that the above described theory and the presented math-

ematical connections of the peak current densities and the scan rate do imply that

peak currents scale exactly with
√
ν or ν and that there is no broadening or rate-

dependent shifting of the current peaks with increasing scan rates.[158] This behaviour

was not observed for the here studied alkali-diglyme systems. Therefore, such iso-

potential plots of peak current densities vs. scan rates do not properly take into

account scan rate-dependent changes of the peak potentials and peak widths and

may therefore not deliver physical meaningful results for this type of electrochemical

system.

3.3.2 XRD-analysis of t-alkali-2G-GICs

The structural analysis of the electrochemically formed t-alkali-GICs was preformed

by X-ray di�raction. Just like the re�exes for the b-GICs a series of re�exes can be

determined for the t-GICs. Since expansion of the interlayer distance is larger when

forming the ternary compounds the di�raction lines are more closely situated than

for the binary compounds (for further explanations see section 2.1).[127] Since the

solvation shell is presumably similar for the lithium and sodium ions the interlayer
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3 Experimental results and discussion

expansion should be solely dependent on the co-intercalated alkali ion.

Figure 3.6 does not show the (001) re�exes of the respective t-GIC. These can

normally be detected below 2θ=10 ◦,[128] but with a low intensity due to the used

measurement setup, i.e. using a Bragg-Brentano geometry and an automatic slit. In

this study, only the re�exes in the angular range of 10 ◦ to 60 ◦ are used for analysis,

which is possible since graphite is a highly ordered structure. The (001) re�exes

of the ternary compounds could be detected in transmission mode under adjusted

conditions.[130,152] For both alkali metals the formation of A+(diglyme)yC
�

n can be

traced (see table 3.3). The values for the re�ex positions and the thickness of one

intercalant layer are in good agreement with the data from other research groups

which prepared the compounds via a chemical route.[126�128] The re�ex with the

highest intensity is found to be the (00 n+2) re�ex for both alkali metals, which is

in accordance with the theoretical background described in section 2.1.

Noticeable is the expansion of the interlayer distance of graphite (i.e. the repeat

distance at stage 1), which is around 230% for the lithium-diglyme solvent com-

plex, and around 250% for the sodium-diglyme solvent complex. The di�erences

in the thickness of one intercalant layer are around 6.4% when the central ion of

the alkali-glyme complex is exchanged (from 7.8Å for the lithium ion to 8.3Å for

the sodium ion) and around 95.4% when the ternary GICs is formed instead of the

binary one (from 0.36Å for LiC6 to 7.8Å). These high values are not intuitive, since

it is usually assumed that such high expansion of the interlayer distance may lead

to exfoliation of graphite and therefore to the structural decomposition of the elec-

trode material.[53,110,151] Hence, the good cycle stability, especially of the Na+/2G

and graphite electrodes is unexpected. One possible explanation may be a stabiliz-

ing e�ect of the positively charged complex towards the negatively charge graphite

planes.
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3.3 Formation of t-alkali-2G-GICs

Table 3.3: Re�ex positions and interlayer distances of electrochemically prepared t-
alkali-2G-GICs at stage 1 determined with X-ray di�raction.

sample scattering angle repeat distance intercalant layer thickness
/ 2θ Ic / Å ∆d / Å

graphite 26.5 3.36 (-) -
54.5 3.36 (-) -

Li+(2G)yC
�

n 15.8 11.2 (233.3%) 7.8
23.8 11.2 (233.3%) 7.8
31.9 11.2 (233.3%) 7.8
40.2 11.2 (233.3%) 7.8
48.7 11.2 (233.3%) 7.8
57.6 11.2 (233.3%) 7.8

Na+(2G)yC
�

n 15.1 11.7 (248.2%) 8.3
22.9 11.7 (248.2%) 8.3
30.7 11.7 (248.2%) 8.3
38.6 11.7 (248.2%) 8.3
46.7 11.7 (248.2%) 8.3
55.0 11.7 (248.2%) 8.3

Stability of t-alkali-GICs

Since GICs can be reactive side reactions with the electrolyte may occur. To study

the stability of the t-alkali-2G-GICs open circuit voltage (OCV) and X-ray di�raction

measurements were conducted (�gures 3.7 and 7.8) to test the stability of these

compounds toward self-discharge and their shelf life.3

Figure 3.7a shows the evolution of the OCV after cells were galvanostatically dis-

charged to 0.01V vs. A+/A. To avoid analysing irreversible processes, occurring in

the �rst cycles, the third discharge/charge cycle was analysed. For the lithium-based

system the OCV increases up to >0.5V within the �rst two hours. Afterwards the

voltage subsequently increases up to 0.67V within 48 hours. For the sodium cells the

3The experimental data and �gures were published in Physical Chemistry Chemical Physics. Re-
produced from Ref. [2] with permission from the PCCP Owner Societies.
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3 Experimental results and discussion

Figure 3.6: X-ray di�raction patterns of graphite electrodes in lithium and sodium
half cells in a diglyme based electrolyte.

increase in voltage is less pronounced, reaching 0.04V within two hours and 0.08V

after 48 hours. In both cases, equilibrium is not reached, as the OCV still continu-

ously rises after 48 hours. After measuring for 48 hours the cells were charged (i.e.

delithiated/desodiated) up to 1.6V (lithium cell)/ 1.2V (sodium cell) and the OCV

was measured for another 48 hours in the following. For both alkali metals within

half of an hour the OCVs decrease to de�ned voltages and afterwards remain stable

(ULi=1.30V, UNa=1.07V). To interpret this behaviour the di�erential capacities of

the galvanostatic cycling of the half cells were analysed (�gure 3.7b). From these

it can be seen that the electrochemical activity during de-intercalation reaction is

starting around 1.25V vs. Li+/Li and around 1.06V vs. Na+/Na (marked as red

rectangles). These values �t well to the OCVs reached after 48 hours. Therefore it

can be concluded that the electrodes are in equilibrium and are not degrading. The

redox activity for the co-intercalation starts around 0.70V vs. Li+/Li and around
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3.3 Formation of t-alkali-2G-GICs

(a) OCV evolution

(b) Di�erential capacities

Figure 3.7: Experimental data about the self-discharge of t-2G-GICs prepared
by electrochemically driven co-intercalation of diglyme and lithium or
sodium ions into graphite electrodes. (a) Open circuit voltage after dis-
charge after three cycles, (b) di�erential capacity plot in the 3rd cycle of
the cells shown in (a).
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0.17V vs. Na+/Na (marked as red circles). These values are in good accordance with

the OCV values measured after the 48 hours. A clear indication for side reactions

would also become apparent when comparing coulombic e�ciencies for cells cycled

with and without the OCV measurements. Without OCV measurements, coulombic

e�ciencies in the third cycle are typically around 97% (Na) and 96% (Li). With

OCV measurements we found 97.9% (Na) and 92.7% (Li). Overall, the measure-

ments indicate a su�cient stability in the case of sodium whereas slight indications

for side reactions are found for lithium.

The structural stability (or shelf life) of the t-2G-GICs was tested by X-ray di�rac-

tion. Thereto, lithiated/sodiated graphite electrodes were removed from the coin

cells and di�raction patterns were taken immediately and after storing them for four

weeks in empty coin cells without electronic contacts under argon atmosphere. The

comparison between the di�raction patterns shows no sign of structural degradation

for both alkali metals (�gure 7.8).

3.4 Preliminary summary

In summary, in the last three sections a proof-of-principle of the co-intercalation

model was demonstrated that was proposed in section 2.3. We demonstrated that

graphite, in contrast to the general view, can be activated as intercalation host for

sodium-ion batteries by forming ternary graphite intercalation compounds instead of

binary ones. The electrolyte solvent participates in the electrode reaction and can be

reversibly co-intercalated into the graphite structure. The important features of this

co-intercalation reaction for sodium are small irreversible charge losses, low overpo-

tentials and a superior cycle life. The exceptional stability might simply be related

to the fact that b-GICs between sodium and graphite do not form. Additionally

it was shown that the ternary compounds of diglyme, sodium and graphite exhibit

su�cient stabilities against self-discharge and structural decomposition (shelf life).

In summary, these results suggest an alternative route to search for new electrode

reactions for sodium-ion batteries.
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3.5 Other co-intercalating ethers

3.5 Other co-intercalating ethers

After successfully proving the principles of the co-intercalation model proposed in

section 2.3, in this section the transfer of this concept is tested and described for

other, coordinating ethers.4 The e�ect of di�erent chain lengths of the linear ether

(glyme) is tested to make a statement about coordination e�ects that may a�ect the

co-intercalation process (e.g. chelate e�ect, macrocyclic e�ect, denticity; subsection

3.5.1). Furthermore, the steric hindrance for co-intercalation is increased by using

linear ethers containing side groups (subsection 3.5.2). Overall, the focus will be

on the electrochemical properties of the above mention systems, concentrating on

galvanostatic cycling, cyclic voltammetry and X-ray di�raction of the co-intercalated

graphite electrodes.

3.5.1 Linear ethers with di�erent ether chain lengths

After showing that the co-intercalation of sodium ions into graphite alongside with

their diglyme-based solvation shell is highly reversible it worth to study the electro-

chemical properties of other glymes as electrolyte solvents as well. As glymes solvents

of the chemical group of the ethylene glycol dimethyl ethers are denoted (appendix

table 7.1, �gure 3.8). To study the e�ect of the length of the ether chain (i.e. the

e�ect of more or fewer ether oxygen atoms acting as alkali ion coordinating species)

monoglyme (1G), diglyme (2G), triglyme (3G) and tetraglyme (4G) were chosen as

electrolyte solvents. The basic structural composition of the glymes is:

CH
3
-(O-CH

2
)n-O-CH3

with n=1,2,3,4

The donor numbers according to Gutmann5 of glymes are in the range of 14.0 - 24.0

(1G: 24.0, 2G: 19.2, 3G: 14.0, 4G: 16.6) and are within the range of conventionally
4The experimental data and �gures were published in Physical Chemistry Chemical Physics. Re-
produced from Ref. [2] with permission from the PCCP Owner Societies.

5The Gutmann donor number is a quantitative measure of the strength of solvents as Lewis bases,
i.e. as electron pair donors. It is de�ned as the negative enthalpy value (kcal/mol) for the 1:1
adduct formation between the solvent and the standard Lewis acid SbCl5.

[160]
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(a) monoglyme (b) diglyme (c) triglyme (d) tetraglyme

Figure 3.8: Ball-stick models of the di�erent glymes (ethylene glycol dimethyl ethers)
tested in this subsection. Blue balls: carbon atoms, red balls: oxygen
atoms and white balls: hydrogen atoms.

used carbonate solvents (EC: 16.4 and DMC: 15.1).[86,160,161] For the better evalu-

ation of coordination e�ects, analogous measurements of all corresponding lithium

systems were conducted.

Cycle stability, reversibility and voltage characteristics of t-alkali-glyme-GICs

The speci�c capacities of the co-intercalation or lithiation/sodiation step of graphite

electrodes in lithium and sodium half cells using glyme based electrolytes are shown

in �gure 3.9. The reversible formation of t-GICs takes place in all cases.

The reversible capacities for all alkali/glyme systems are in the range between

55mAh/g - 100mAh/g. Thereby, the sodium based systems outperform the lithium

based systems signi�cantly, with respect to capacity retention. For both alkali ions

the electrode reactions based on diglyme co-intercalation do show the highest ca-

pacities and the best capacity retention. Noticeably di�erent is the performance of

triglyme in the sodium based cells. For this combination lower capacities of around

50mAh/g - 60mAh/g were obtained, compared to 84mAh/g - 100mAh/g for monoglyme,

diglyme and tetraglyme. For the lithium half cells tetraglyme exhibits the lowest

reversible capacities of around 60mAh/g, while triglyme shows a degrading perfor-
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3.5 Other co-intercalating ethers

mance. The speci�c capacities and the coulombic e�ciencies in the 50th cycle and

the irreversible capacity in the �rst cycle of all combinations of glymes and alkali

ions are listed in table 3.4.

The voltage characteristics of all alkali/glyme cells in the 50th cycle are shown

in �gure 3.10. All sodium-based systems show overall lower internal resistances

compared to the lithium-based systems. Apart from the combinations of Li/1G and

Li/3G no side reactions, which might be related to electrolyte composition, are seen

within the �rst 50 cycles. For the sodium based cells, 3G again is exhibiting a

distinctively di�erent behaviour compared to the other glyme/sodium combinations.

Taking a closer look at the data listed in table 3.4, it can be seen that the sodium-

based cells show a throughout better electrochemical cycling performance compared

to the lithium cells. The highest coulombic e�ciencies were measured for the com-

binations of Na/1G and Na/2G (>99.6%), while Na/3G and Na/4G do show minor

side reactions (coulombic e�ciencies of about 100.1% - 100.5%). The e�ciencies for

Li/1G, Li/2G and Li/4G are somewhat lower with values of >98.0%. Due to side

reactions, the e�ciency for Li/3G is much lower (86.0%). The irreversible losses are

mainly limited to the �rst cycle (appendix �gures 7.9, 7.10, 7.11 and 7.12) and are on

the average lower for the sodium systems (10mAh/g - 30mAh/g) than for the lithium

systems (20mAh/g - 60mAh/g).

The speci�c capacities upon lithiation/sodiation in the di�erent glymes, when dif-

ferent constant currents were applied, are shown in �gure 3.11. Apart from 4G, the

sodium-based systems show only slightly lower capacities when higher discharge cur-

rents are applied and good kinetic properties of the electrode reaction in Na-glyme

systems can be concluded. For 4G slowly increasing capacities can be found, which

are mostly likely linked to the higher viscosity of this solvent when compared to

the shorter glymes (appendix table 7.1). All lithium based cells deliver very low or

almost no reversible capacities at higher currents. After the application of higher

currents the return to lower currents does not lead to a recovery of the reversible ca-

pacities, indicating an irreversible damage of the electrode material at higher current

(appendix �gures 7.9 and 7.10). For the sodium systems no such degradation can be
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(a) lithium half cells

(b) sodium half cells

Figure 3.9: Speci�c capacities per cycle of graphite electrodes in (a) lithium and (b)
sodium half cells in glyme based electrolytes.
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(a) lithium half cells

(b) sodium half cells

Figure 3.10: Voltage characteristics of graphite electrodes in lithium and sodium half
cells in a diglyme based electrolytes in the 50th cycle.

53



3 Experimental results and discussion

Table 3.4: List of the speci�c capacities of the co-intercalation and de-co-intercala-
tion steps, coulombic e�ciencies in di�erent glyme-based cells for sodium
and lithium systems in the 50th cycle and irreversible capacities in the
�rst cycle.

System Co-intercalation De-co-intercalation Coulombic Irrev.
capacity capacity e�ciency capacity

50th cycle/mAhg 50th cycle/mAhg 50thcycle/% 1st cycle/mAhg

Li/1G 74.4 73.1 98.2 23.2
Li/2G 85.6 85.5 99.8 62.7
Li/3G 55.6 47.8 86.0 30.8
Li/4G 60.4 59.4 98.3 64.0
Na/1G 93.0 92.7 99.8 28.0
Na/2G 98.0 97.6 99.6 13.4
Na/3G 63.5 63.9 100.5 -26.7
Na/4G 84.6 84.7 100.1 14.2

determined; after cycling at a current of 372mA/g the original reversible capacities

can be obtained (appendix �gures 7.11 and 7.12).

In summary, when graphite electrodes are cycled galvanostatically against an al-

kali metal electrode in di�erent glyme based electrolytes, the overall electrochemical

performance is best when 2G is used, closely followed by 1G and 4G. For both,

lithium and sodium, 3G shows the weakest performance and lowest e�ciency. The

performance of the sodium cells is signi�cantly more stable in all glymes than for

analogue lithium cells.

Cyclic voltammetry of t-alkali-glyme-GICs

Cyclic voltammetry was used to study the electrode reactions in more detail. The

results are summarized in �gure 3.12 for the lithium cells, in �gure 3.13 for the

sodium cells. For each alkali-glyme system the current response in the �rst and 20th

cycle are shown. From these results some general conclusions can be drawn:
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(a) lithium half cells

(b) sodium half cells

Figure 3.11: Speci�c capacities at di�erent constant currents of graphite electrodes
in (a) lithium and (b) sodium half cells in glyme based electrolytes.
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� The general pattern of the voltammograms in the �rst cycle is similar for all

systems, except for Na/3G. Several maxima can be determined and indicate

a complex, staged charge storage mechanism. The voltammogram of Na/3G

in contrast is less well-de�ned (which is in line with the �ndings made by

galvanostatic cycling measurements, �gure 3.10b). The di�erent pattern for

Na/3G might be related to a geometrically unfavourable coordination of the

sodium ions by the 3G solvent molecules, resulting in a steric hindrance which

leads to higher internal resistances and poorly de�ned redox potentials. Taking

the preferred coordination numbers of Li+ and Na+ in solution (CN = 4 - 7)

the cation-glyme complexes listed in table 3.5 are plausible.[90,149,162�164] From

this, due to their similarity to crown ether complexes, the combinations of

Li/3G and Na/4G should be favourable. Furthermore, the combinations of

Li/1G, Li/2G, Na/1G and Na/2G might enable complexation in a similar way,

o�ering 2 or 3 oxygen atoms per glyme molecule. Triglyme o�ers four oxygen

atoms for coordination, therefore it is likely that it forms less �ideal� complexes

with sodium ions, which prefers due to its size, a coordination number >4.

To reach higher coordination numbers a second triglyme molecule would be

necessary. The second molecule, however, is too long, i.e. o�ers more ether

oxygen atoms than necessary, and the non-coordinating parts of this second

molecule are likely causing steric hindrance during co-intercalation. Hence,

for Na/3G a peculiar current response in the CVs can be observed. Despite

this e�ect, the Na/3G system is also highly reversible. For the combination of

Li/4G the same argument of steric hindrance might be applied.

� The peak current densities of all lithium system are higher and do show poorer

cycle stability compared the analogue sodium systems. This is supported by

the results from galvanostatic measurements where lithium-glyme combinations

do show high irreversible capacities decay at higher discharge/charge currents.

Since there is no indication for impurities, the most likely reason for the poorer

cycle life is that the solvation shell is stripped o� at the electrode surface or
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inside the electrode, leading to degradation of the graphite. The smaller ionic

radius of lithium compared to sodium might lead to less stable complexes with

glyme molecules. Additionally, there is a thermodynamic driving force to form

b-GICs, which do not exist for sodium ions. So at potentials close to 0V vs.

Li+/Li the formation of t-GICs competes with the formation of b-GICs.

Table 3.5: Possible cation-glyme-complexes based on the preferred coordination num-
bers of the alkali ions in solution and the complexation of these ions by
crown ethers.[90,149,162�164]

Solvent Oxygen atoms Glyme molecules Coordination no.
per molecule per Li+

1G 2 2 4
2G 3 2 6
3G 4 1 ([12]crown-4-like) 4
4G 5 1 5

Solvent Oxygen atoms Glyme molecules Coordination no.
per molecule per Na+

1G 2 3 6
2G 3 2 6
3G 4 1-2 4-6
4G 5 1 ([15]crown-5-like) 5

Comparing the co-intercalation potentials of the di�erent alkali-glyme systems it

is obvious that the redox potential is a function of the glyme length. For better

comparison the �rst cycles from �gures 3.12 and 3.13 are replotted in �gures 3.14a/b

and 3.15a/b. Figures 3.14c and 3.15c show the main redox potentials of the co-

intercalation and de-co-intercalation plotted against the electrolyte solvent. From

this representation it can be clearly seen that the redox potentials are functions of

the glyme length for both alkali ions.

The lithium based cells show a steady increase of the co-intercalation potential
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from E1G < E2G < E3G without any signi�cant change in the intercalation pattern

(3.14a/b). For Li/4G the current response is changing slightly, alongside with a much

lower insertion potential and a much higher de-insertion potential. For the sodium

cells a steady increase from E1G < E2G < E4G can be identi�ed, excluding 3G and its

peculiar behaviour (3.15a/b). The combination of Na/3G shows, analogue to Li/4G,

lower insertion and higher de-insertion potentials. In both cases, these changes might

be linked to less favourable coordination numbers compared to the other alkali-glyme

combinations and will be further analysed. Overall, the co-intercalation potential

seems to be dependent of the ether chain length of the co-intercalated glyme solvent

(E1G < E2G < E4G) and the alkali ion (ENa < ELi).

The e�ect of the ether chain length on the redox potential is even stronger at lower

potentials. At low potentials, when large amounts of solvent are co-intercalated to

form the higher stages, this indicates strong di�erences in Gibbs energies of the

formation at high degrees of sodiation.

Summary: For both electrochemical methods applied to these alkali-glyme systems,

2G is found to exhibit the best electrochemical performance for both alkali ions. The

reversibility of the co-intercalation reaction is more stable for the sodium than for

the lithium cells. Due to the dependency of the co-intercalation potentials on the

ether chain length of the glyme used it may be plausible to tailor the redox potential

of the co-intercalation reaction by mixing two or more glymes in a speci�ed ratio.
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3.5 Other co-intercalating ethers

(a) CV data of Li/1G, Li/2G (b) CV data of Li/3G, Li/4G

(c) Dependence of the redox potential on the ether chain length in
lithium half cells

Figure 3.14: Dependence of the redox potential of the co-intercalation electrode re-
action on the glyme length in lithium half cells. Cyclic voltammetry
data of the �rst cycle of (a) 1G, 2G and (b) 3G, 4G; data replotted
from �gure 3.12. (c) Dependence of the main co-intercalation potential
on the glyme length of the electrolyte solvent. The respective potentials
are marked in (a)/(b).
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(a) CV data of Na/1G, Na/2G, Na/2G (b) CV data of Na/3G

(c) Dependence of the redox potential on the ether chain length in
sodium half cells

Figure 3.15: Dependence of the redox potential of the co-intercalation electrode re-
action on the glyme length in sodium half cells. Cyclic voltammetry
data of the �rst cycle of (a) 1G, 2G, 4G and (b) 3G; data replotted
from �gure 3.13. (c) Dependence of the main co-intercalation potential
on the glyme length of the electrolyte solvent. The respective potentials
are marked in (a)/(b).
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3.5 Other co-intercalating ethers

X-ray analysis of t-alkali-glyme-GICs

To prove that co-intercalation of the alkali-glyme complexes into the graphite elec-

trode did occur, X-ray di�raction in an angular range between 10 ◦ to 60 ◦ was con-

ducted (appendix �gure 7.13 survey and �gure 3.16 detail di�raction pattern). For

all combinations of alkali ions and glymes a signi�cant shift of the (002)-di�raction

line to lower scattering angles was measured. For the lithium systems an average

shift of 2θ = 2.7 ◦, for the sodium systems of 2θ = 3.7 ◦ was determined. Addition-

ally, a series of re�exes occurs for all systems. Their origin is described in detail in

section 2.1 and was described for the LiC6 formation before.[51,53,96,116,119]

From the di�raction patterns it becomes apparent that the solvation shell (i.e. in

this case the glyme length) only has a minor in�uence on the expansion in inter-

layer distance. The expansion of the interlayer distance of graphite, i.e. the repeat

distances at stage 1, is around 230% - 236% for the di�erent lithium-glyme solvent

complexes, and around 248% - 254% for the di�erent sodium-glyme solvent com-

plexes. The thickness of one intercalant layer ∆d di�ers between 7.7Å�7.9Å for

the lithium based cells leading to overall repeat distances Ic of 11.1Å�11.3Å. For

the sodium based cells it di�ers around 8.3Å�8.5Å leading to repeat distances of

11.7Å�11.9Å. The average repeat distances of the fully lithiated/sodiated t-alkali-

glyme-GIC are summarized in table 3.6; a more detailed analysis can be found in

the appendix in tables 7.2 and 7.3.

Studying the shift of the main di�raction line in more detail, minor di�erences

between the di�erent glyme chain lengths can be determined (�gure 3.16). For the

Li/glyme co-intercalation, the shift of the di�raction lines is in 0.07 ◦ steps from

2G > 3G > 4G; from 1G to 2G it is around 0.25 ◦. The higher o�set between 1G

and 2G might be explained by di�erent coordination numbers (which are mostly

likely CN = 4 for 1G and CN = 6 for 2G) or the higher volatility of 1G (appendix

7.1). For the sodium-based systems a gradual increase in interlayer spacing can be

determined, in around 0.05 ◦ steps from 1G > 2G > 4G (�gure 3.16b). Just like for

the electrochemical characterization methods Na/3G takes a special position within
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3 Experimental results and discussion

the glyme series. The change in interlayer distance for the co-intercalation of Na/3G

is smaller than for the rest of the glymes (compare Na/1G: 3.65 ◦ > Na/3G: 3.55 ◦).

The di�erence might be explained again by a di�erent coordination number for 3G.

If two 3G molecules do coordinate a sodium ion not all available ether oxygen atoms

within the 3G chain are able to coordinate with the ion. This may result, in contrast

to 1G, 2G and 4G, in a less �ideal� geometrical alignment. While for 1G, 2G and 4G

an almost spherical solvation sphere can be assumed, it is not possible in the same

way for Na/3G; leading to a nearly spherical shell with non-coordinating side groups

sticking out. In summary, the increase in repeat distance (interlayer distance) is

>200% during the formation of t-alkali-glyme-GICs, which is remarkable considering

the excellent reversibility of the electrode reactions, especially for the sodium cells.

Table 3.6: Re�ex positions and interlayer distances of electrochemically prepared t-
alkali-glyme-GICs at stage 1 determined with X-ray di�raction.

sample repeat distance intercalant thickness
Ic /Å(increase in %) ∆d /Å

graphite 3.36 (-) -
Li+(1G)yC

�
n 11.1 (230%) 7.7

Li+(2G)yC
�

n 11.2 (233%) 7.8
Li+(3G)yC

�
n 11.3 (236%) 7.9

Li+(4G)yC
�

n 11.3 (236%) 7.9
Na+(1G)yC

�
n 11.7 (248%) 8.3

Na+(2G)yC
�

n 11.7 (248%) 8.3
Na+(3G)yC

�
n 11.6 (245%) 8.2

Na+(4G)yC
�

n 11.9 (254%) 8.5
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3.5 Other co-intercalating ethers

(a) lithium half cells

(b) sodium half cells

Figure 3.16: X-ray di�raction patterns of graphite electrodes in (a) lithium and (b)
sodium half cells after full lithiation/ sodiation using di�erent glymes.
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3 Experimental results and discussion

E�ect of the glyme mixtures on the co-intercalation reaction

As already discussed in the former subsections, cells based on Na/3G behave very

di�erently from sodium half cells which contain 1G, 2G or 4G as electrolyte solvent.

Mostly likely, an unfavourable complexation of the sodium ions by the 3G molecules

is the reason for that speci�c behaviour. The mixing of glymes with di�erent chain

length should lead to a competition between the di�erent glymes for forming ion-

solvent complexes. This competition should a�ect therefore the redox behaviour of

the electrode materials. To test this hypothesis, an electrolyte consisting of a 1:1

mixture of 1G and 3G was prepared; i.e. containing equal numbers of 1G and 3G

molecules. Thereby, both glymes will act as chelate ligands, where 3G will act as an

tetradentate ligand and 1G as a bidentate ligand. From this it might be assumed that

if one sodium ion is complexed by one of each glyme molecules a six-fold coordination

sphere would be achieved.

The speci�c capacities obtained at di�erent discharge/charge currents of elec-

trolytes based on 1G, 3G or the mixture of 1G/3G are shown in �gure 3.18a alongside

with the corresponding voltage pro�les in the 50th cycle (�gure 3.18b). The di�er-

ential capacities calculated out of the galvanostatic cyclic data are shown in the

appendix in �gure 7.14. The electrochemical performance of the mixture is similar

to that of 3G. The most probable explanation for this similarity would be that the

sodium ions are preferentially coordinated by 3G molecules which leads to a pre-

ferred co-intercalation of those complexes. This preference would be in accordance

with the thermodynamically driven chelate e�ect or the kinetically driven macro-

cyclic e�ect. These are described in literature for a variety of ligands, but so far not

for sodium-glyme complexes:[148]

� According to Holleman et al. the chelate e�ect describes the enhanced a�nity

of chelating molecules for a metal ion compared to the a�nity of a collection of

similar monodentate (non-chelating) molecules for the same metal ion.[148] It

can be thermodynamically described by the standard Gibbs free energy ∆G−◦

and the equilibrium constant K:
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3.5 Other co-intercalating ethers

∆G−◦ = −RT · ln(K) = ∆H−◦ − T∆S−◦ (3.4)

With the gas constant R, the temperature T , the standard enthalpy change of

the reaction ∆H−◦ and the standard entropy change ∆S−◦ .

The larger the equilibrium constant is, the higher the concentration of the

complex would be. Since the enthalpy is assumed to be approximatively the

same for both complex forming reactions (equation 3.5 and 3.6), the di�erence

in stability constants K is only due to the e�ects of entropy. In equation 3.5

three particles on the left side of the reaction are combined to one complex

on the right side. While in equation 3.6 four particles on the left side are

combined to one the right side. This means the decrease in entropy is smaller

for equation 3.5 than for equation 3.6, resulting in a higher stability constant

for the 3G based sodium complexes.

Na+ + 2 · (3G) 
 [Na(3G)2]
+ (3.5)

Na+ + 3 · (1G) 
 [Na(1G)3]
+ (3.6)

� Kinetically the chelate e�ect can be explained according to Schwarzenbach.[148]

At similar concentrations of chelating molecules of di�erent denticities the prob-

ability to form the complex with the molecules with the higher denticity is

higher, since the velocity of the occupation of the second and all higher co-

ordination sites for the multidentate solvent molecule is higher than for the

monodentate solvent (so-called macrocyclic e�ect).

However, taking a look at the redox potentials and the results from cyclic voltam-

metry, especially during charging, di�erences between the 3G based electrolyte and

the mixture of 3G and 1G can be determined (3.17 and �gure 3.18b). From the
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CV measurements again the current response looks similar to that of the 3G based

electrolyte, but with a slightly higher insertion and a slightly lower de-insertion volt-

age. From the described results, it is not easily possible to conclude whether these

di�erences in electrochemical performance are dominated by thermodynamic or ki-

netic properties. However, it is reasonable to assume that in mixtures of glymes

with di�erent chain lengths, di�erent co-intercalation mechanisms compete, leading

to new and/or mixed redox potentials. Despite the fact that the e�ect is small so

far, mixing of glymes might be an attractive route to tailor redox behaviour of the

co-intercalation based electrode reactions and their kinetics. As a side remark it

should be noted that the addition of carbonates into a diglyme based electrolyte

does suppress the co-intercalation reaction fully and is therefore no viable option for

tailoring the redox behaviour of the graphite electrode.[165]

Figure 3.17: Cyclic voltammograms at a scan rate of 0.05mV/s of graphite electrodes
in sodium half cells in monoglyme, triglyme or a a 1:1 mixture of 1G/3G
based electrolyte.
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3.5 Other co-intercalating ethers

(a) speci�c capacities

(b) voltage characteristics

Figure 3.18: (a) Speci�c capacities per cycle and (b) voltage characteristics in the
50th at di�erent applied currents of graphite electrodes in sodium half
cells in monoglyme, triglyme or a a 1:1 mixture of 1G/3G based
electrolyte.
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E�ect of a pre-formed SEI on the co-intercalation reaction

A well-studied phenomena in LIBs is that the compatibility between graphite elec-

trodes and carbonate based electrolytes is only possible because a solid electrolyte

interphase (SEI) is formed during the �rst lithiation process.[29] The formation of the

�lm is inevitable since the lithiation of graphite is proceeding outside the electro-

chemical stability window of the carbonate solvents. But, a rather lucky coincidence,

this SEI formed by carbonates on a graphite surface is electronically insulating but

permeable for lithium ions, ensuring the lithium ion transport into the graphite

structure.[53] Additionally, it is considered an important function of this SEI to pre-

vent the co-intercalation of solvent molecules into the graphite lattice; which may

lead to exfoliation and structural decomposition. Though, to form t-GICs the co-

intercalation of solvent molecules is required. From this observation the question

arises: Does an SEI form in the case of co-intercalation electrodes?

Taking into account the low overpotentials of the co-intercalation electrode reac-

tion and the large lattice expansion involved, it may be concluded that virtually

no SEI is present for these systems. Or that the formed SEI is highly �exible and

dynamic, allowing an easy charge transfer between electrolyte and electrode. From

this point of view a very detailed surface and impedance analysis, which is beyond

the scope of this work, should be conducted.

To give an example the role of the SEI on co-intercalation electrodes, the e�ect of

a pre-formed SEI on a graphite electrode surface on the passing of a glyme based sol-

vation shell was studied. To this end, it was tested whether a glyme based solvation

shell is able to pass a SEI layer that had been pre-formed on the graphite surface un-

der utilization of a carbonate based electrolyte. For this purpose a graphite electrode

was discharged (sodiated) to 0.01V vs. Na+/Na in a carbonate based electrolyte (a

mixture of EC/DMC, w/w% 1:1) to form an SEI-layer on the graphite surface (�gure

7.15).[51,53,166] The graphite electrode with the pre-formed SEI was then placed into

another sodium cell with a diglyme based electrolyte and cycled in the usual way.

As shown in �gure 3.19a virtually no electrochemical activity can be determined
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3.5 Other co-intercalating ethers

within the �rst two cycles. This most likely means that the solvent co-intercalation

is suppressed by the pre-formed SEI-layer. After 25 cycles with �uctuating capacity

values, the capacities stabilize and high coulombic e�ciencies are achieved. A com-

parison of the voltage pro�les after 50 cycles with and without the pre-formed SEI is

shown in �gure 3.19b. The combined overpotentials for both are very small and sim-

ilar to almost identical. From this it can be assumed that the pre-formed SEI starts

to crack at some places when the co-intercalation starts. The pronounced increase in

volume expansion during co-intercalation subsequently frees more and more of the

graphite surface from the passivating SEI layer leaving behind an interphase with a

low resistance and clearly supports the idea of a nearly SEI-free surface. However,

the above described experiment does not clarify the nature of the SEI in the case of

co-intercalation electrode reactions in detail.

(a) speci�c capacities (b) voltage characteristics

Figure 3.19: (a) Speci�c capacities and (b) voltage characteristics of graphite elec-
trodes in sodium half cells with an applied current of 37.2mA/g. At
�rst the graphite electrode was discharged in a carbonate based elec-
trolyte to form a SEI-layer. (a)/(b) This electrode is then transferred
into a sodium cell and cycled with the diglyme based electrolyte.
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3.5.2 Ethers with steric hindrance

To further study the in�uence of the solvation shell on the co-intercalation electrode

reaction ethers were purchased and tested which exhibit an increased steric hindrance

when alkali-solvent-complexes are formed (�gure 3.20, table 3.7). Ethers were chosen

which exhibit selected side groups implemented into the linear diglyme base structure

(DPGDME and Butyl-2G) or oxygen atoms are replaced by carbon atoms (1,5-

DMP); for properties see in the appendix table 7.4. Not from all chosen solvents it

was possible to prepare electrolytes (see table 3.8). For example, the dissolution of

LiOTf in DPGDME leads to an unintended and unidenti�ed precipitation (appendix

�gure 7.16). Furthermore, both alkali conductive salts are almost insoluble in 1,5-

DMP (table 3.8) or the coordination is to weak; from which it may be concluded

that after the absence of the third oxygen atom 1,5-DMP is too non-polar to dissolve

the conductive salts to a su�cient amount. From these limitations follows that it

was only possible to perform electrochemical characterization measurement on the

NaOTF/DPGDME electrolyte and of both combinations of alkali tri�ate/Butyl-2G.

(a) diglyme (b) DPGDME (c) 1,5-DMP

(d) Butyl-2G

Figure 3.20: Ball-stick models of diglyme derivatives studied in this subsection. Blue
balls: carbon atoms, red balls: oxygen atoms and white balls: hydrogen
atoms.
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3.5 Other co-intercalating ethers

Table 3.7: Diglyme derivatives: structure names, abbreviations and skeletal formu-
las. The steric hindrance for solvents co-intercalation was increased by
introducing speci�c side groups into the linear ether chain of diglyme.
Physical properties of the solvents are listed in the appendix table 7.4.

Name Abbr. Structure

Bis(2-methoxyethyl) ether 2G

Bis(methoxypropyl) ether DPGDME

Bis(2-butoxyethyl) ether Butyl-2G

1,5-Dimethoxy pentane 1,5-DMP

Table 3.8: Prepared electrolytes from the solvents listed in table 3.7. For LiOTf and
DPGDME an unexpected precipitation occurred (di�raction pattern in
the appendix, �gure 7.16). In 1,5-DMP sodium and lithium tri�ate are
almost insoluble, and therefore no electrochemical measurements could be
conducted for these systems.

Solvent LiOTf NaOTf

DPGDME Precipitation 1M
Butyl-2G 0.5 M 0.5 M
1,5-DMP Almost insoluble (<0.2M) Almost insoluble (<0.2M)
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In �gures 3.21 and 3.22 the results of the electrochemical characterization and the

X-ray di�raction for the sodium based electrolytes with DPGDME and Butyl-2G

alongside with the results from 2G and 3G are shown.

The speci�c capacities are summarized in �gure 3.21a. The reversible capacities of

the diglyme derivatives are around 85mAh/g for Na/DPGDME and around 50mAh/g

for Na/Butyl-2G. While the cycling stability is reasonable for both diglyme deriva-

tives, they still lag behind the performance of the glymes. For the DPGDME cells

a constant overcharging in every step is determined, which can be linked to unde-

sired side reactions although we do not directly observe electrolyte decomposition.

When the discharge/charge currents are increased, especially for Butyl-2G, a dis-

tinct decrease in obtainable capacities can be observed; signi�cantly more than for

the glymes. This e�ect might be related to di�erent reasons: (a) the higher viscosity

(Butyl-2G[167] 2.3mm2/s vs. 2G 1.2mm2/s) and/or (b) the increased spatial dimen-

sions of the sodium-Butyl-2G complex. Both may lead to a slower di�usion into the

graphite electrode. The irreversible charge losses of Na/DPGDME and Na/Butyl-2G

are around 15mAh/g, each, and are therefore in the same range as for the glyme-based

electrolytes. These losses are most likely linked to side reactions with the surface

terminating groups of graphite.

The voltage characteristics in �gure 3.21b show an increase of the internal over-

potential when non-polar side groups are introduced. The DPGDME solvent shows

similar intercalation potentials as 2G, while Butyl-2G resembles more the behaviour

of 3G. The same trend can be determined from the results of the cyclic voltamme-

try shown in �gure 3.22a. For DPGDME and 2G similar current responses can be

determined, however, the peak currents are a bit lower for DPGDME. This decrease

in current might be related to a slower di�usion of the larger ion-solvent complex

of DPGDME and Na+ into the graphite lattice. The voltammogram of Butyl-2G is

somewhere in between the pattern for DPGDME and 3G, which might be due to the

longer non-polar and therefore not coordinating side groups. The CVs of Butyl-2G

and 3G are di�erent upon oxidation, where 3G exhibits sharp current peaks not ex-

istent for Butyl-2G. This shift from distinct to broader, less de�ned voltammograms
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(a) speci�c capacities

(b) voltage characteristics

Figure 3.21: (a) Speci�c capacities per cycle at di�erent applied currents and (b)
voltage characteristics in the 50th cycle at a constant current of 37.2mA/g
of graphite electrodes in sodium half cells in a diglyme, DPGDME,
Butyl-2G or 3G based electrolytes.
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from DPGDME to Butyl-2G to 3G is likely related to steric e�ects. These lead

to a �non-ideal� complex formation (i.e. less compact complexes) and therefore to

slower di�usion of these spatial demanding complexes into graphite. Summing up,

the electrochemical characterization of DPGDME and Butyl-2G demonstrates that

the introduction of non-polar side groups does not suppress the co-intercalation of

solvents with sodium ion into graphite. But, because of the larger size of the ion-

solvent complexes, graphite can host fewer sodium ions resulting in lower capacities

and poorer C-rate performance.

The X-ray di�raction patterns of the sodiated graphite electrodes prepared by

using DPGDME and Butyl-2G based electrolytes are shown in �gure 3.22b. While

Na/DPGDME exhibits a similar repeat distance of Ic = 11.7Å as Na/2G, Na/Butyl-

2G shows a larger distance of Ic = 11.9Å. Overall, the di�erence between glymes

and the diglyme derivatives is quite small.

From the results of the electrochemical characterization and X-ray di�raction it

can be concluded that the redox chemistry of the co-intercalation electrode reaction

is strongly in�uenced by the type of solvent that is co-intercalated and hence, by the

composition and structure of the solvation shell. This impact can be also be seen for

Li/Butyl-2G, where reversible capacities close to zero are measured (appendix �gure

7.17). The redox potentials, the kinetics and the degree of insertion of sodium ions

is clearly depended on the size of the ion-solvent complex. However, only a minor

in�uence can be determined for the repeat distance of the t-GICs. Most likely, the

coulombic interactions between the positively charged ion-solvent complex and the

negatively charged graphite layers do dominate the graphite lattice expansion.

Cyclic ethers:

To further test on the boundary conditions of the co-intercalation electrode reac-

tion, tetrahydrofuran (THF) was tested as a cyclic ether as electrolyte solvent and

[15]crown-5 as an electrolyte additive (appendix �gures 7.18, 7.19 and 7.20). When

using THF, the solvation shell is expected to be spatially more demanding than for
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3.5 Other co-intercalating ethers

(a) cyclic voltammetry

(b) X-ray di�raction patterns

Figure 3.22: (a) Cyclic voltammograms at a scan rate of 0.05mV/s and (b) X-ray
di�raction patterns after full sodiation of graphite electrodes in sodium
half cells in a diglyme, DPGDME, Butyl-2G or 3G based electrolytes.
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the linear ethers.[119,144,168�170] Nonetheless, co-intercalation does occur for this sys-

tem, even if it is more di�cult and low capacities of around 30mAh/g after 50 cycles

combined with a large voltage hysteresis are achieved.

Due to the chemical similarity to the linear ethers, the circular [15]-crown-5 was

used as an additional solvent. This crown ether is known for its strong interac-

tion with sodium ions and is therefore an obvious candidate for co-intercalation

electrodes.[90,149] Since it is impossible to dissolve the conductive salt directly within

the pure crown ether, 1mol of the crown ether was added into a solution of 1M

NaOTf in diglyme (1mol relating to the amount of diglyme, from this follows a salt

concentration of the �nal electrolyte of around 0.8M). Furthermore, it is assumed

that the crown ether complexes are favoured over the diglyme complexes (macrocyclic

e�ect).[148,171] Surprisingly, no electrochemical activity of this electrolyte towards the

graphite electrode was measured. Upon cycling only 2mAh/g of speci�c capacity were

observed. Again, the poorer electrochemical performance in case of the crown ether

might be linked to the geometry of the solvation shell, since crown ethers are much

more rigid when compared to glymes.

Summary: The introduction of side groups into the linear diglyme structure to se-

lectively increased the steric hindrance of the ion-solvent complex does not prevent

any of the systems examined from co-intercalating their solvents into the graphite

structure forming t-GICs. While the overall reaction is not suppressed, the steric

hindrance leads to increased internal resistances and lower speci�c capacities. Fur-

thermore, the results for the diglyme derivatives do support the explanation that the

peculiar behaviour of 3G is mostly likely due to a non-coordinating side group which

leads to an increase of steric hindrance.
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3.6 Application in full cells

In a next step the co-intercalation reaction of sodium and diglyme into graphite

was used to construct a NIB; i.e. a so-called full cell which does not contain any

sodium metal but instead a second intercalation material as counter electrode. A

crucial boundary condition for the full cell is the compatibility of the intercalation

cathode material with the diglyme based electrolyte. To test this compatibility

Prof. Shinichi Komaba and his group from Tokyo University of Science provided

P2-Na2/3Ni1/3Mn2/3O2 (NNMO) as cathode material for the electrochemical char-

acterization in diglyme. The key data of this cathode material is summarized in

subsection 3.6.1 alongside with the �rst results of the electrochemical measurements.

The �rst measurements of sodium-ion full cells based on graphite/diglyme/NNMO

are shown in subsection 3.6.2.

3.6.1 Compatibility of Sodium Nickel Manganese Oxide with diglyme

NNMO is a P2-type layered transition metal oxide with a theoretical capacity of

173mAh/g in which the sodium ions are accommodated at prismatic sites sandwiched

between MeO2 layers, with Me being Ni or Mn.[15,18] The operational voltage is

around 3.7V vs. Na+/Na based on the redox activity of the Ni4+/Ni2+ couple. The

practically achievable capacities are fading rapidly during prolonged cycling when

charged to voltages ≥4.5V. This is due to a change of the structural motive of the co-

ordination sphere of the sodium ions from prismatic (P2) to octahedral (O3) upon the

de-sodiation process. To prevent this fading the voltage needs to be limited to 4.0V

to achieve stable cycling behaviour. However, this limits the reversible capacities

to values around 80mAh/g to 85mAh/g. The synthesis conditions, the structural and

electrochemical characterisation of NNMO as electrode material in carbonate based

electrolytes has been published elsewhere.[15,18] The circular electrodes (d=1.2 cm)

consisting of NNMO, acetylene black and PVDF was 80:10:10 wt% on aluminium foil

containing 6mg - 8mg active mass, each (experimental in the appendix 7.1). Since

aluminium current collectors were used for the cathode material an adjustment of
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the diglyme based electrolyte is necessary. Instead of NaOTf, NaPF6 was used to en-

able a proper passivation of the aluminium surface. As already shown in subsection

3.3.1 and the appendix in �gure 7.6 the change of the conductive salt does not a�ect

the co-intercalation electrode reaction. The electrolyte adjustment was requested by

Prof. Komaba and was founded on his long-term experiences in this research �eld.[19]

Electrochemical properties of NNMO in diglyme: When combining NNMO with a

diglyme based electrolyte the question arises if the strong complexation of the sodium

ions by the diglyme molecules will to lead to problems on the cathode electrode

surface. NNMO is a �classical� intercalation material, i.e. �bare� sodium ions are

intercalated. Therefore it is necessary to strip of the glyme based solvation shell at

the electrode surface. This desolvation step might change the kinetic properties of the

intercalation reaction or lead to degradation of the electrode material by uncontrolled

diglyme co-intercalation. Hence, comparing measurements were conducted.

The group of Prof. Komaba was able to cycle the above described NNMO elec-

trodes in an electrolyte consisting of 1M NaPF6 in PC for 20 cycles with capacities

around 85mAh/g and coulombic e�ciencies >99.9% with irreversible charge losses

limited to the �rst cycle (see �gure 7.21). Figure 3.23 shows the speci�c capacities

and the voltage characteristics determined by galvanostatic cycling. Apart from a

slight capacity fading during prolonged cycling the cycle stability and reversible ca-

pacities in the diglyme based electrolyte are similar to the cycling performance in

the carbonate based electrolyte. However, the leaching of the transition metal ions

cannot fully be excluded and may be the main source of the minor capacity fad-

ing, since diglyme is mainly used as solvent for organic reactions (such as Grignard

reactions or metal hydride reductions) due to its ability to chelate small cations,

thereby activating the anions for chemical reactions.[167] Apart from this, the cycling

performance in diglyme is su�cient to construct �rst sodium-ion full cells based on

graphite, NNMO and the diglyme based electrolyte to gain results on the suitability

of the Na/2G co-intercalation as electrode reaction in NIBs.
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3.6 Application in full cells

(a) speci�c capacities and coulombic e�ciencies

(b) charge/discharge characteristics

Figure 3.23: (a) Speci�c capacities per cycle and (b) voltage characteristics at an
applied currents of 37.2mA/g of graphite electrodes in sodium full cells
in a diglyme based electrolyte.
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3.6.2 First results on sodium ion full cells

Theoretical assumptions and boundary conditions: After proving the compatibil-

ity of NNMO and the diglyme based electrolyte, sodium-ion full cells were assembled.

For this purpose it was necessary to construct cells containing three electrodes instead

of the beforehand used two-electrode setup. This additional electrode is necessary

to control the half cell potentials and to be able to avoid undesired side reactions

that might occur when the electrodes are cycled outside their electrochemical stabil-

ity window. Since it is not possible to measure absolute potentials of an electrode

material, but instead only the potential di�erence between a working electrode and a

counter electrode, it is necessary to introduce a metallic sodium reference electrode.

This means all measured potentials will be speci�ed as potentials vs. the sodium

redox couple Na+/Na. Since the average redox potential vs. Na+/Na are 0.65V for

the graphite anode and around 3.7V for the NNMO cathode the mean obtainable

cell voltage of NNMO vs. graphite is expected to be around 3.0V. Due to the di�er-

ent charge storage capacities of the cathode and the anode material it is necessary

to carefully balance the electrode active masses and the charge storage capacities

before assembling and to choose them in a way that on both sides of the battery the

same amount of charge can be stored (table 3.9).

Table 3.9: Basic electrochemical properties of the half-cell active materials graphite
and NNMO tested in a diglyme based electrolyte.

graphite NNMO
anode cathode

Theoretical capacity 105 mAh
g 173 mAh

g

Reversible capacity 90-100 mAh
g 85 mAh

g

Electrode reaction co-intercalation intercalation
Potential window 0.01V-3.0V 2.0V-4.0V
Average redox potential vs. Na+/Na 0.65V 3.7V
Current collector copper aluminium
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Theoretical capacities and electrode reactions for the complete sodiation/de-sodia-

tion of a NNMO cathode and a graphite anode are calculated by equation 3.1:

Reaction on the positive electrode (qth= 173mAh/g, intercalation):

1.5 [Na2/3Ni1/3Mn2/3O2] 
 Na+ + e−+ 1.5 [Ni1/3Mn2/3O2]

Reaction on the negative electrode (qth= 105mAh/g, co-intercalation reaction):

Na+ + y · 2G+ n · C + e− 
 Na+(2G)yC
−

n

From the operational voltages of the graphite anode and the NNMO cathode a

theoretical potential range of the full cells of 0.01V � 4.0V vs. Na+/Na can be

presumed (�gure 3.24). Since side reactions can occur on both active materials when

the electrodes are cycled outside their electrochemical stability window an 2-electrode

setup is insu�cient to evaluate the electrochemical performance. Therefore it seems

to be necessary to measure the half cell potentials while cycling the full cell setup.

The following procedure was used for the galvanostatic cycling of the full cell:

� Galvanostatic cycling of the voltage between cathode and anode, i.e. �full cell�

mode, in a given potential range.

� Meanwhile, recording of the half cell potentials, i.e. the voltages between

NNMO vs. Na+/Na and graphite vs. Na+/Na.

� Insertion of additional stop criteria for the galvanostatic cycling mode.

� The charging step is aborted when:

(a) the cathode reaches its upper limit vs. Na+/Na or

(b) the anode falls below its lower limit vs. Na+/Na.

� The discharge step is aborted when:

(a) the NNMO cathode reaches its lower limit vs. Na+/Na or

(b) the anode rises above its upper limit vs. Na+/Na.
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3 Experimental results and discussion

Figure 3.24: Basic assumptions about the electrochemical stability windows of
NNMO cathodes on aluminium current collectors and graphite anodes
on copper current collectors versus sodium metal reference electrodes.

With this program we are able to cycle the full cells without risking uncontrolled

side reactions. Applied to the constructed full cells this means:

The full cell potential ENNMO − Egraphite is cycled with an applied current of

12.05mA/g related to the cathode material (C/20 rate) in a potential range of 0.01V �

4.0V while the half cell potentials ENNMO and Egraphite vs. Na+/Na are recorded.

In addition to the potential borders of the full cell there a two more stop criteria

added: for charging ENNMO > 4.0V and Egraphite < 0.01V and for discharging

ENNMO < 2.0V and Egraphite > 2.0V.

Preliminary results: Figure 3.25 shows the speci�c capacities of NNMO vs. graphite

in the full cell mode. Sodium metal reference electrodes were inserted to keep track

of the cathode and anode potentials vs. Na+/Na for better comparison.

When the two electrodes are combined without balancing the active masses and

charge storage capacities it can be seen that the coulombic e�ciencies are below
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3.6 Application in full cells

70% and the capacity retention is not su�cient (detailed data in the appendix �gure

7.22).

When the active masses of NNMO and graphite are balanced according to their

reversible capacities listed in table 3.9, the coulombic e�ciencies, apart from the

�rst cycles, are above 90%. The fading of the reversible capacities is still apparent

(detailed data in the appendix �gure 7.23).

Reforming of the graphite anode material stabilizes the reversible capacities sig-

ni�cantly (detailed data in the appendix �gure 7.24). As reforming of an electrode

material typically the preconditioning of an electrode material is denoted. In the in-

dustrial fabrication of batteries the preconditioning of an electrode material is usually

done by the addition of electrolyte additives. These decompose at higher potentials

than the electrolyte compounds and allow the controlled reaction of reactive graphite

surface-terminating groups and the formation of a homogeneous SEI layer.[53,151,153]

In case of the here shown full cells graphite is reformed by cycling it against a metallic

sodium electrode, leading to an controlled reaction of graphite surface-terminating

groups with excess electrolyte and sodium ions and/or the controlled and even forma-

tion of a SEI on the graphite surface which show limited irreversible charge losses in

the full cell setup. This step seems to be reasonable since the amount of sodium ions

that can be delivered by the cathode material is limited and should not be �wasted�

on irreversible side reactions. Except for the �rst cycle, where some side reactions do

occur, coulombic e�ciencies >98.2% could be found. Although, the capacity reten-

tion was better for the reformed graphite electrodes than for the full cells without,

the overall retention is still insu�cient, exhibiting fading during prolonged cycling.

This is unexpected behaviour since both electrode materials have shown su�cient

cycle stability in corresponding half cells with this electrolyte under analogue cycling

conditions.

The voltage characteristics in the 3rd cycle of the above described full cells and

the corresponding half cell potentials (�gures 3.26 and 3.27) show the in�uence of

electrode balancing and reforming on the cycling performance. The balancing only

causes slight changes in the reversible capacities and voltage characteristics, while the
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3 Experimental results and discussion

Figure 3.25: Speci�c capacities of a sodium-ion full cell based on NNMO as cath-
ode and graphite as anode material in diglyme based electrolyte at an
applied current of 12.04mA/g with additional stop criteria (see corre-
sponding text). The in�uences of active mass balancing and graphite
anode reforming are shown.

reforming of the graphite electrode allows the more complete charging/discharging

of the cell. Which is linked to the better utilisation of the sodium ion content of the

cathode material which can be concluded from �gure 3.27.

In summary, the diglyme based electrolyte is compatible with a �classical� in-

tercalation material and �rst sodium-ion full cells were built and cycled consisting

of graphite/diglyme/NNMO exhibiting reasonable cycle stabilities. These batteries

therefore may allow further and intensi�ed research in order to develop NIBs.
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3.6 Application in full cells

(a) charge characteristics

(b) discharge characteristics

Figure 3.26: Voltage characteristics in the 3rd cycle of the full cell potential of a
sodium-ion full cell based on NNMO as cathode and graphite as an-
ode material in a diglyme based electrolyte at an applied current of
12.05mA/g (related to NNMO) with additional stop criteria (see corre-
sponding text). The in�uence of active mass balancing and graphite
anode reforming are shown.
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3 Experimental results and discussion

(a) charge characteristics

(b) discharge characteristics

Figure 3.27: Voltage characteristics in the 3rd cycle the half cell potentials of a
sodium-ion full cell based on NNMO as cathode and graphite as an-
ode material in a diglyme based electrolyte at an applied current of
12.05mA/g (related to NNMO) with additional stop criteria (see corre-
sponding text). The in�uence of active mass balancing and graphite
anode reforming are shown.
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4 Latest research studies

In this chapter the latest research results on the insertion of sodium ions into graphite

and non-graphitic carbons are summarized. The described projects were started

subsequently after this study or at the same time. The results are organized into

four sub-groups:

Table 4.1: Co-intercalation of Na+ into graphite in glyme-based electrolytes,

Table 4.2: Insertion of Na+ into graphite related carbons,

Table 4.3: Insertion of Na+ into non-graphitic carbons

Table 4.4: Other electrode reactions in glyme-based electrolytes

The work of two groups are highlighted since they are close to the topic of this

thesis. Kang et al. and Chen et al. reported about the co-intercalation of sodium

ions alongside with their glyme based solvation shell into graphite electrodes shortly

after the results of this thesis were published:

Kang et al. reported in January 2015 the capability of natural graphite to co-

intercalate sodium-glyme complexes.[156] As electrolytes 1M of NaPF6 in 1G, 2G

or 4G with electrodes consisting of 70wt% natural graphite : 20wt% conductive

agent : 10wt% PVDF on copper current collectors were used. The characterisation

was carried out by galvanostatic cycling, cyclic voltammetry, HR-TEM, FTIR and

EIS analysis and delivered comparable results to the ones reported within this work.

The slightly higher reversible capacities of 150mAh/g are most likely due to the high

amount of conductive carbon which might deliver additional charge storage capacity.

Apart from that no analogue measurements with triglyme or lithium-based cells were

conducted. First proof-of-principle measurements on sodium-ion full cells with a
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4 Latest research studies

Na1.5VPO4.8F0.7 were presented, delivering an energy density of around 120Wh/kg

while maintaining around 70% of the initial capacity after 250 cycles.

In a second, subsequent paper from July 2015 the same group reported their ef-

forts to investigate the intercalation mechanism of solvated-Na+ into graphite using

in-operando X-ray di�raction analysis, electrochemical titration, real-time optical

observation, and density functional theory (DFT) calculations.[114] From these re-

sults they conclude that the sodium-co-intercalation occurs through multiple staging

reactions, which �nally form stage 1 GICs within a wide range of Na/C from 1/28

to 1/21. This complex composition is not in accordance with the speci�c behaviour

described for the triglyme electrolyte solvent described in this thesis as an e�ect of

the unfavourable coordination based on the most probable coordination number of

sodium (CN=5-7). If only one glyme molecule would be co-intercalated into the

graphite electrode it should not be possible to determine a di�erence between mono-

glyme, diglyme, tetraglyme and triglyme since the coordination number of the central

sodium ion should not have an e�ect. In both studies no description for the peculiar

behaviour of Na+/3G was given.

In a communication from June 2016 the group compared the co-intercalation phe-

nomena in rechargeable Li-, Na- and K-ion batteries. They found that the speci�c

capacities and insertion mechanisms are similar for all alkali ions despite the di�er-

ent solubility limits of the �bare� ions in graphite. Furthermore, they found that the

insertion potentials are dependent on the size of the co-intercalated alkali ion based

on an increased interlayer distance upon co-intercalation. Overall, they found and

described a similar, reversible co-intercalation mechanism for the potassium ions as

already found and described for lithium and sodium ions described in this work.[172]

In a fourth paper from September 2016 the same group conducted theoretical

studies based on DFT calculations on the interplay between guest ion, solvents and

graphite host upon co-intercalation. They found that the reversible co-intercalation

of sodium into graphite is only possible when the co-intercalating solvent strongly

coordinates the sodium ions and when the lowest unoccupied molecular orbital level

of this so-formed complexes is higher than the Fermi level of graphite.[173]
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Chen et al. reported in May 2015 about the capability of di�erent graphite mate-

rials to co-intercalate sodium-glyme complexes.[174] As electrolytes 1M solutions of

NaOTf or NaClO4 in 1G, 2G or 4G with electrodes consisting of 90wt% graphite:

10wt% PVDF or sodium carboxymethyl cellulose (Na-CMC) on copper current col-

lectors were used. The characterisation was carried out by galvanostatic cycling,

cyclic voltammetry, SEM, EDX, FTIR, and Raman and delivered comparable re-

sults to the ones reported within this work. The minor deviations of the voltage

characteristics are most likely due to the low mass loading of the electrodes which

was around 1.0mg/cm2�1.5mg/cm2. Apart form that no analogue measurements with

triglyme or lithium-based cells were conducted. First proof-of-principle measure-

ments on sodium-ion full cells with a Na3V2(PO4)3-carbon composite cathode were

presented delivering around 90mAh/g at an average voltage of 2.2V vs. Na/Na+ while

maintaining around 80% of the initial capacity after 400 cycles.

Table 4.1: Latest studies on the co-intercalation of sodium ions into graphite in
glyme-based electrolytes.

Active material Electrolyte GICs Speci�c capacities Author
/1M (applied current) Date

Natural graphite NaPF6 t 150mAh/g Kang et. al.
/1G, 2G or 4G (100mA/g) 01.2015 [156]

Natural graphite NaPF6 t 150mAh/g Kang et. al.
/1G, 2G or 4G (100mA/g) 07.2015 [114]

Natural graphite NaOTf, NaClO4 t 110mAh/g Chen et. al.
/1G, 2G or 4G (100mA/g) 05.2015 [174]

Natural graphite NaClO4 t 110mAh/g Scrosati et. al.
4G (200mA/g) 02.2016 [175]

Natural graphite NaOTf t 110mAh/g Kang et. al.
/2G (100mA/g) 06.2016 [172]

Graphite Na+A� t DFT- Kang et. al.
/di�. solvents calculations 09.2016 [173]
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Table 4.2: Latest studies on the insertion of sodium ions into graphite related car-
bons (expansion of graphite interlayer distance to facilitate intercalation
of �bare� sodium ions).

Active material Electrolyte GICs Speci�c capacities Author
/1M (applied current) Date

Flexible graphite �lm NaPF6 t 130mAh/g Cui et. al.
/2G (100mA/g) 10.2015 [176]

Graphene NaPF6 t 100mAh/g Pint et. al.
/2G (3A/g) 11.2015 [177]

Expanded graphite theoretical b 930mAh/g Han et. al.
07.2015 [178]

Expanded graphite NaPF6 b 110mAh/g Ramos et. al.
EC/DEC (37mA/g) 11.2015 [179]

Table 4.3: Latest studies on the insertion of sodium ions into non-graphitic carbon
materials (expansion of graphite interlayer distance to facilitate insertion
of �bare� sodium ions).

Active material Electrolyte GICs Speci�c capacities Author
/1M (applied current) Date

Soft carbon 0.5M NaPF6 b/t 120mAh/g Janek et al.
(GDL) /2G (37mA/g) 08.2015[91]
Soft carbon NaPF6 b 130mAh/g Ji et. al.

/EC/DEC(1:1) (100mA/g) 11.2015 [180]
Soft carbon NaPF6 b 330mAh/g Song et. al.
(mesoporous) /EC/DEC(1:1) (30mA/g) 03.2016 [181]
Hard carbon NaClO4 b 200mAh/g Li et. al.

/EC/DEC(1:1) (20mA/g) 04.2016 [182]
Mesocarbon NaPF6 ? 93.5Wh/kg Cui et. al.
microbeads /2G (capacitor) (573W/kg) 08.2015 [183]
Graphite NaPF6 ? 77Wh/kg Jin et. al.
microbeads /2G (capacitor) (1900W/kg) 08.2016 [184]

92



Table 4.4: Latest studies on the enhancement of other electrode reactions by using
glyme-based electrolytes.

Active material Electrolyte Speci�c capacities Author
/1M (applied current) Date

FeS2 NaPF6 600mAh/g Wang et. al.
/2G (20mA/g) 02.2015 [185]

TiO2/graphene NaPF6 140mAh/g Adelhelm et. al.
/2G (33.5mA/g) 11.2015 [186]

Pb particles NaPF6 55mAh/g Monconduit et. al.
/2G (10mA/g) 11.2015 [187]

CoS NaOTF 400mAh/g Ramakrishna et. al.
/reduced graphene oxide /2G (1A/g) 03.2016 [188]
Graphite KPF6 100mAh/g Pint et. al.

/2G (1A/g) 09.2016 [189]
Sn NaPF6 800mAh/g Tarascon et. al.

2G (250mA/g) 09.2016 [190]
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5 Conclusions

This thesis describes an unexpected reversible sodium ion storage into graphite elec-

trodes by making use of solvent co-intercalation. Starting point of this thesis was

that graphite was long been thought to be almost inactive towards the insertion of

sodium ions and the formation of sodium-rich binary graphite intercalation com-

pounds. Therefore, to activate graphite as an electrode material for sodium-ion bat-

teries it was necessary to describe and characterize a new kind of electrode reaction

for the insertion of sodium ions into the graphite structure.

It was described beforehand in literature that ternary graphite intercalation com-

pounds do form on basis of solvent co-intercalation and on the basis of this knowledge

a co-intercalation model was proposed and systematic measurements were success-

fully conducted and published (sections 3.1 - 3.3) exhibiting a high reversibility of

the co-intercalation reaction. This high reversibility was not described, to the best

of the author's knowledge, in a scienti�c publication before.[129]

It was shown that diglyme, a linear ether, acts not just as electrolyte solvent,

but that it participates in the electrode reaction. Diglyme forms stable complexes

with alkali ions that can be reversibly co-intercalated into the graphite structure.

Important features of this co-intercalation electrode reaction for sodium are small

irreversible charge losses, low overpotentials and a superior cycle life. The excep-

tional stability might simply be related to the fact that b-GICs between sodium and

graphite do not form. Analogue lithium measurements exhibited a worse reversibil-

ity, so that it can be concluded that the competition between the formation of the

binary and ternary Li-GICs at low potentials is disadvantageous for the cycle stabil-

ity of the co-intercalation reaction. Though, the formation of ternary compounds is
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linked with increased spatial requirements for the alkali-solvent complex within the

graphite lattice and therefore decreased charge storage capabilities. With speci�c

capacities close to 100mAh/g the sodium-diglyme co-intercalation electrode reaction

may not be competitive with lithium-ion technology for portable or mobile applica-

tions, but may be complementarily usable for stationary applications where the costs

are more relevant than energy densities.

In a next step the co-intercalation concept was transferred to other coordinating

ethers (sections 3.5.1 - 3.5.2). When the chain length of the co-intercalated ether is

shortened or extended, coordinative e�ects can be observed, while the reversibility

and charge storage capacity for di�erent ethers is not distinctly di�erent. Depending

on the preferred coordination number of the central ion, a preference of certain chain

lengths can be determined for the di�erent alkali ions. Unfavourable combinations

of alkali ions and glymes o�ering a number of coordinating ether oxygen atoms

that is not compatible with the preferred coordination numbers of the alkali ions

in solution lead directly to higher internal resistance of the electrode reaction and

therefore lower energy e�ciencies. For favourable combinations a dependency of the

co-intercalation potentials on the ether chain length of the glyme (E1G < E2G <

E4G) and the alkali ion (ENa < ELi) can be observed. Due to this dependency

the mixing of two or more glymes in speci�ed ratios is proposed as an approach to

tailor the redox potential of the co-intercalation reaction. The expansion of interlayer

distances of fully sodiated (co-intercalated) graphite electrodes was determined by X-

ray di�raction. From the di�raction patterns it becomes apparent that the solvation

shell has only a minor in�uence on the expansion in interlayer distance. Furthermore,

the interlayer distance is found to be >200% during the formation of t-glyme-GICs,

which is remarkable, considering the excellent reversibility of the electrode reactions.

Using diglyme derivatives, i.e. ethers which exhibit side groups implemented into

the linear diglyme base structure, results in a higher steric hindrance of the cation-

solvent complex formed (subsection 3.5.2). From the results of the electrochemical

characterization and X-ray di�raction it can be concluded that the redox chemistry

of the co-intercalation electrode reaction and the structural evolution is strongly
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in�uenced by the type of solvent co-intercalated and hence, by the composition and

structure of the solvation shell. While the redox potentials, the kinetics and the

degree of insertion of sodium ions is clearly dependent on the size of the ion-solvent

complex, only a minor in�uence could be determined for the increase in the interlayer

distance of the co-intercalated graphite. Furthermore, the results for the diglyme

derivatives support the explanation that unfavourable combinations of cations and

the number coordination centres in�uence the co-intercalation behaviour with respect

to internal resistances.

Furthermore, the compatibility of the diglyme based electrolyte with a �classical�

intercalation material was tested. Prof. Shinichi Komaba and his group from Tokyo

University of Science provided a layered oxide as sodium cathode material, P2-

Na2/3Ni1/3Mn2/3O2 (subsection 3.6). Comparing electrochemical key data for this

material in a carbonate based and the ether based electrolyte were measured and

analysed and �rst sodium-ion full cells based on graphite, NNMO and the diglyme

based electrolyte were built. Apart from manual problems with the cell construc-

tion and irreversible charge losses, due to SEI formation or the reaction of surface-

terminating groups of graphite, a reasonable cycle stability could be determined.

Since it is possible to cycle these batteries for long-terms and with reasonable charge

storage capacities, this cell type may allow further and intensi�ed research in order

to understand and develop sodium-ion technology.

Shortly after the publication of the presented results, two other research groups

published comparable studies on the co-intercalation of linear ethers and Na+ into

graphite electrodes, agreeing on the here presented results and conclusions.[114,156,174]

On the basis of the here described work[1,2] and the results from the two suc-

ceeding groups,[114,156,174] a couple of subsequently following paper were published

(chapter 4). All of these focus on the application of glyme based electrolytes for

sodium ion batteries and examine the e�ects of glymes solvents in sodium ion full

cells[114,156,172�175] or on anode materials[185�190] and agree on the bene�cial proper-

ties of glyme on the cycle stability in sodium-ion cells.
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6 Outlook

The main �nding of this thesis is that graphite can act as a highly reversible electrode

material for alkali ion based co-intercalation of solvent molecules. Although a number

of systematic experiments showed that the electrode reaction is sensitive to a number

of parameters, such as the type of solvent or the alkali ion, much is still unknown.

Further and detailed investigations on the formation and insertion of ternary

sodium graphite intercalation compounds are still necessary, since it is not clear

so far from how many solvent molecules the solvation shell is constructed and how it

is intercalated into the graphite host material. Nuclear magnetic resonance (NMR)

spectroscopy measurements from the liquid and solid phase and �rst-principle den-

sity functional theory (DFT) calculations and molecular-dynamic (MD) simulations

may help clarify the underlying mechanisms. Only one basic work on the insertion

of sodium ion into graphite was published by Kang et al.[114] They propose the for-

mation of [Na−glyme]+ complexes that are reversibly intercalated and form double

layers stacked in parallel to the graphite layers of the graphite host material.

Additionally, the basic question if and from what components an SEI layer is

formed on graphite surface in glyme based electrolytes needs to be addressed. Since

in a �classical� lithium-ion cell one important function of an SEI is to to prevent the

co-intercalation of solvent molecules into the graphite lattice, it becomes apparent

that for the formation of solvent based ternary graphite intercalation compounds

the SEI layer, if existent at all, needs to be from a di�erent composition and func-

tion than in the �classical� intercalation electrode reaction. Taking into account the

low overpotentials of the co-intercalation electrode reaction and the large lattice ex-

pansion involved, it may be concluded that virtually no SEI can be present for the
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sodium-glyme based systems or that the formed SEI is highly �exible and dynamic,

allowing an easy charge transfer between electrolyte and electrode. From this point

of view a very detailed surface and impedance analysis, which is outside the scope

of this study, should be conducted.

Due to the large volume expansion, which might lead to exfoliation during pro-

longed cycling, further clarifying studies should be conducted. One way would be

in-situ X-ray nano-tomography which would allow, besides the tracking of the re-

versible dilation of the graphite material, to make a statement on how the morphology

of metallic sodium is developing during prolonged cycling and if dendrite formation

occurs.

Since this study focuses on the co-intercalation behaviour of ethereal solvents

solely, a further diversi�cation of the solvent range should be considered. Some early

work already dealt more or less successfully with the chemically and electrochemi-

cally driven co-intercalation of amides or amines.[104,105,142,146] A further interesting

class of possible substances might be the group of the silanes, for example dimethyl

dimethoxy silane, depending strongly on the basic physical properties such as vis-

cosity, dielectric constants and their ability to dissolve sodium conductive salts to an

su�cient amount.

Because the co-intercalation of sodium ions and their glyme based solvation shell

into graphite electrodes and the formation of ternary sodium-glyme graphite inter-

calation compounds are highly reversible and deliver a long term cycle stability this

electrode reaction is attractive for application in future sodium-ion batteries. Apart

from the bene�cial electrochemical properties, the fact that this new kind of elec-

trode reaction requires only low cost materials and uses an already established and

well-studied graphite electrode additionally suggest the further implementation into

upcoming sodium-ion technology. As the ternary graphite intercalation compounds

are also formed with other solvents apart from glymes, the co-intercalation approach

provides an alternative route to search for new electrode reactions for sodium-ion

batteries.
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7 Appendix

7 Appendix

(a) monoglyme (b) diglyme, triglyme, tetraglyme

Figure 7.1: 1H-NMR 200MHz of the pure glymes (used as received) in CDCl3 with
tetramethylsilane (TMS) as external standard. No signi�cant amounts
of impurities could be determined. Chemical shifts in ppm from H. E.
Gottlieb et al., Journal of organic chemistry 1997, 62, 7512-7515.
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(a) speci�c capacities

(b) di�erential capacities

Figure 7.2: (a) Speci�c capacities per cycle and (b) di�erential capacities in the �rst
cycle at a constant current of 37.2mA/g of graphite electrodes in lithium
and sodium half cells in a carbonate based electrolyte.
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(a) speci�c capacities

(b) di�erential capacities

Figure 7.3: (a) Speci�c capacities per cycle and (b) di�erential capacities in the �rst
cycle at a constant current of 37.2mA/g of graphite electrodes in lithium
and sodium half cells in a diglyme based electrolyte.
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Figure 7.4: Speci�c capacities of 1000 cycles at a constant current of 37.2mA/g of a
graphite electrode in a sodium half cell in a diglyme based electrolyte.
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(a) speci�c capacities

(b) voltage characteristics

Figure 7.5: (a) Speci�c capacities per cycle and (b) voltage characteristics in the �rst
cycle at a constant current of 37.2mA/g of graphite electrodes on di�erent
current collectors in sodium half cells in a diglyme based electrolyte.

106



(a) speci�c capacities

(b) voltage characteristics

Figure 7.6: (a) Speci�c capacities per cycle and (b) voltage characteristics in the �rst
cycle at a constant current of 37.2mA/g of graphite electrodes in sodium
half cells in a diglyme based electrolyte using di�erent conductive salts.
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7 Appendix

(a) Determination of the b-values according to equation 3.2.

(b) Quanti�cation of the pseudo-capacitive and faradaic con-
tributions of the anodic/cathodic peak current in dependency
on the scan rate, according to equation 3.3.

Figure 7.7: Examination of the charge storage mechanism of Li+/Na+ in diglyme
based electrolytes into graphite electrodes by scan rate-dependent cyclic
voltammetry measurements (see �gure 3.4).[157�159] For further details
see the corresponding text in subsection 3.3.1.
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(a) lithium

(b) sodium

Figure 7.8: Experimental data about the shelf life of t-2G-GICs prepared by electro-
chemically driven co-intercalation of diglyme and lithium or sodium ions
into graphite electrodes. (a) Shelf life of t-Li-2G-GICs, (b) shelf life of
t-Na-2G-GICs.

109



7 Appendix

Table 7.1: Structure names, abbreviations, CAS-numbers, purities, viscosities, �ash
points and relative densities of monoglyme, diglyme, triglyme and
tetraglyme. All data from Sigma Aldrich from where the solvents were
purchased and used as received.

Name CAS-no. Purity η b.p. ρ

/ % / mm2

s / ◦ / g
cm3

(25 ◦)

1,2-Dimethoxyethane
(monoglyme, 1G) 110-71-4 99.5 0.5 85 0.867
Bis(2-methoxyethyl) ether
(diglyme, 2G) 111-96-6 99.5 1.2 162 0.943
Triethyle glycol dimethyl ether
(triglyme, 3G) 112-49-2 99.0 2.5 216 0.986
Tetraethylene glycol dimethyl ether
(tetraglyme, 4G) 143-24-8 99.0 4.1 275 1.009
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(a) Li/1G

(b) Li/2G

Figure 7.9: Speci�c capacities per cycle at di�erent constant currents of graphite
electrodes in lithium half cells in (a) a monoglyme and (b) a diglyme
based electrolyte.
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(a) Li/3G

(b) Li/4G

Figure 7.10: Speci�c capacities per cycle at di�erent constant currents of graphite
electrodes in lithium half cells in (a) a triglyme and (b) a tetraglyme
based electrolyte.
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(a) Na/1G

(b) Na/2G

Figure 7.11: Speci�c capacities per cycle at di�erent constant currents of graphite
electrodes in sodium half cells in (a) a monoglyme and (b) a diglyme
based electrolyte.
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(a) Na/3G

(b) Na/4G

Figure 7.12: Speci�c capacities per cycle at di�erent constant currents of graphite
electrodes in sodium half cells in (a) a triglyme and (b) a tetraglyme
based electrolyte.
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(a) lithium half cells

(b) sodium half cells

Figure 7.13: X-ray di�raction patterns of graphite electrodes in (a) lithium and (b)
sodium half cells after full lithiation/ sodiation using di�erent glymes.
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Table 7.2: Re�ex positions and interlayer distances of electrochemically prepared t-
lithium-glyme-GICs at stage 1 determined with X-ray di�raction (details
in the experimental section).

sample scattering angle repeat distance intercalant layer thickness
/ 2θ Ic / Å ∆d / Å

graphite 26.5 3.36 (-) -
54.5 3.36 (-) -

Li+(1G)yCn 15.9 11.1 (230%) 7.7
24.0 11.1 (230%) 7.7
32.2 11.1 (230%) 7.7
40.6 11.1 (230%) 7.7
49.2 11.1 (230%) 7.7

Li+(2G)yCn 15.8 11.2 (233%) 7.8
23.8 11.2 (233%) 7.8
31.9 11.2 (233%) 7.8
40.2 11.2 (233%) 7.8
48.7 11.2 (233%) 7.8

Li+(3G)yCn 15.7 11.3 (236%) 7.9
23.7 11.3 (236%) 7.9
31.8 11.3 (236%) 7.9
40.0 11.3 (236%) 7.9
48.5 11.3 (236%) 7.9

Li+(4G)yCn 15.7 11.3 (236%) 7.9
23.6 11.3 (236%) 7.9
31.7 11.3 (236%) 7.9
39.9 11.3 (236%) 7.9
48.4 11.3 (236%) 7.9
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Table 7.3: Re�ex positions and interlayer distances of electrochemically prepared t-
lithium-glyme-GICs at stage 1 determined with X-ray di�raction (details
in the experimental section).

sample scattering angle repeat distance intercalant layer thickness
/ 2θ Ic / Å ∆d / Å

graphite 26.5 3.36 (-) -
54.5 3.36 (-) -

Na+(1G)yCn 15.2 11.7 (248%) 8.3
22.8 11.7 (248%) 8.3
30.6 11.7 (248%) 8.3
38.4 11.7 (248%) 8.3
46.5 11.7 (248%) 8.3

Na+(2G)yCn 15.1 11.7 (248%) 8.3
22.9 11.7 (248%) 8.3
30.7 11.7 (248%) 8.3
38.6 11.7 (248%) 8.3
46.7 11.7 (248%) 8.3

Na+(3G)yCn 15.2 11.6 (245%) 8.2
22.9 11.6 (245%) 8.2
30.7 11.6 (245%) 8.2
38.6 11.6 (245%) 8.2
46.8 11.6 (245%) 8.2

Na+(4G)yCn 15.1 11.9 (254%) 8.5
22.7 11.9 (254%) 8.5
30.4 11.9 (254%) 8.5
35.3 11.9 (254%) 8.5
46.4 11.9 (254%) 8.5
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7 Appendix

Figure 7.14: Di�erential capacities in the 20th cycle at a constant current of 37.2mA/g
of graphite electrodes in sodium half cells in a in triglyme or a mixture
of monoglyme and triglyme (1 : 1) based electrolyte.
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(a) voltage characteristic

(b) di�erential capacities

Figure 7.15: (a) Voltage characteristics and (b) di�erential capacities calculated from
galvanostatic cycling measurements of graphite electrodes in sodium half
cells with an applied current of 37.2mA/g. At �rst the graphite electrode
was discharged (sodiation step) in a carbonate-based electrolyte to form
a SEI-layer on its surface. This so prepared graphite electrode is then
transferred into a sodium cell with the diglyme-based electrolyte and
was cycled as usual (�gure 3.19).
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7 Appendix

Table 7.4: Structure names, abbreviations, CAS-numbers, structures, purity, viscos-
ity, �ash points and relative densities of diglyme, DPGDME, Butyl-2G and
1,5-DMP. All data from Sigma Aldrich where the solvents were purchased.

Name CAS-no. Purity η b.p. ρ

/% mm2

s /◦C g
cm3

(25 ◦)

Bis(2-methoxyethyl) ether
(2G) 111-96-6 99.5 1.2 162 0.943
Bis(methoxypropyl) ether
(DPGDME) 111109-77-4 99.0 1.1 74 0.951
Bis(2-butoxyethyl) ether
(Butyl-2G) 112-73-2 99.0 2.3 118 0.885
1,5-Dimethoxy pentane No data
(1,5-DMP) 111-89-7 98.0 available 60 0.843

Figure 7.16: Top: X-ray di�raction pattern of the reaction product after dissolving
1MLiOTf in DPGDME. Bottom: di�raction pattern the Kapton tape
that was used to protect the samples from air and water.
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(a) speci�c capacities

(b) voltage characteristics

Figure 7.17: (a) Speci�c capacities per cycle at di�erent applied currents and (b) volt-
age characteristics in the 50th cycle at a constant current of 37.2mA/g of
graphite electrodes in sodium half cells in a Butyl-2G based electrolyte.
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(a) speci�c capacities

(b) voltage characteristics

Figure 7.18: (a) Speci�c capacities per cycle and (b) voltage characteristics in the �rst
and 50th cycle at a constant current of 37.2mA/g of graphite electrodes
in sodium half cells in a THF based electrolyte.
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Figure 7.19: Di�erential capacities in the �rst and the 50th cycle at a constant current
of 37.2mA/g of graphite electrodes in sodium half cells in a in THF based
electrolyte.
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(a) speci�c capacities

(b) di�erential capacities

Figure 7.20: (a) Speci�c capacities per cycle and (b) di�erential capacities in the �rst
cycle at a constant current of 37.2mA/g of graphite electrodes in sodium
half cells in a diglyme or diglyme + 1M [15]crown-5 based electrolyte.
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(a) speci�c capacities and coulombic e�ciencies

(b) charge/discharge characteristics

Figure 7.21: (a) Speci�c capacities per cycle and (b) voltage characterisitcs in the
�rst 20 cycles of a NNMO electrode on an aluminium current collector
versus sodium metal electrode in a 1M solution of NaPF6 in PC for 20
cycles at a constant current of 12.05mA/g. Results were recorded and
plotted by the group of Prof. Komaba from Tokyo University of Science.
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(a) speci�c capacities and coulombic e�ciencies

(b) charge/discharge characteristics

Figure 7.22: (a) Speci�c capacities per cycle and (b) voltage characteristics in the
�rst three cycle at a constant current of 12.04mA/g (related to NNMO
active mass) and additional stop criteria (see corresponding text) of a
sodium-ion full cell based on NNMO and graphite in a diglyme based
electrolyte.
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(a) speci�c capacities and coulombic e�ciencies

(b) charge/discharge characteristics

Figure 7.23: (a) Speci�c capacities per cycle and (b) voltage characteristics in the �rst
three cycle at a constant current of 12.04mA/g (related to NNMO active
mass) and additional stop criteria (see corresponding text) of a sodium-
ion full cell based on NNMO and graphite with balanced charge storage
capacities (see corresponding text) in a diglyme based electrolyte.
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(a) speci�c capacities and coulombic e�ciencies

(b) charge/discharge characteristics

Figure 7.24: (a) Speci�c capacities per cycle and (b) voltage characteristics in the
�rst three cycle at a constant current of 12.04mA/g (related to NNMO
active mass) and additional stop criteria (see corresponding text) of a
sodium-ion full cell based on NNMO and graphite with balanced charge
storage capacities and a reformed graphite electrode (see corresponding
text) in a diglyme based electrolyte.
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7.1 Experimental for the Sodium Nickel Manganese Oxide electrodes

7.1 Experimental for the Sodium Nickel Manganese

Oxide electrodes

The NNMO powder was prepared by the Prof. Komaba group via a solid-state

reaction. Therefore a stoichiometric mixture of Na2CO3, NiO and Mn2O3 was ball-

milled under wet conditions with acetone addition for 12 hours at 600 rpm. The

resulting powder was dried and pressed into pellets which were then heated at 950 ◦C

for 12 hours in air. After this calcination step, the samples were taken out from the

still hot furnace, and then immediately transferred into an argon-�lled glove box for

the cooling process.

Electrode slurries were made from NNMO, acetylene black, polyvinylidene�uoride,

and N-methyl-2-pyrrolidone (NMP, Kanto Chemical Co., Ltd., Japan). The content

of NNMO, acetylene black and binder material was 80:10:10 wt%, respectively. Elec-

trodes were prepared by doctor blading a slurry onto an aluminium foil. Circular

electrodes (d=1.2 cm) were punched out and contained 6mg - 8mg NNMO as active

mass, each. These were further dried at 80 ◦C under vacuum to evaporate resid-

ual NMP and then transferred into an argon-�lled glove box, where three-electrode

Swagelok type cells or two electrode coin cells (CR2032) for galvanostatic cycling

were assembled.
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