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1.1 Introduction

Graphite shows unique abilities as a “storage compound.” Its weakly bound lay-
ered structure combined with delocalized electrons offers a large chemical variety of
intercalation reactions, maybe the most intriguing of which, compared to all other
electrode materials used in lithium-ion batteries (LIBs), is the fact that graphite is
able to store cations and anions [1]. Today, graphite is by far the most used mate-
rial for the negative electrode material in LIBs. Natural graphite as well as synthetic
graphite are being used. At first sight, the use of graphite in sodium-ion batteries
(SIBs) would be only logical. However, among the alkali metals, sodium is the only
one showing no appreciable intercalation into graphite. Other approaches are there-
fore required to use graphite in SIBs.

This chapter will briefly summarize the different types of graphite intercalation
compounds (GICs) followed by a discussion on the use of graphite in LIBs and
SIBs. Reasons for the limited storage capacity are discussed, followed by a strategy
to circumvent this problem. The latter aspect addresses so-called ternary graphite
intercalation compounds (¢-GICs) in which solvent molecules co-intercalate into
the graphite lattice along with sodium ions. While ¢-GICs have been known since
decades, it was only recently discovered that their formation in electrochemical
cells can be highly reversible and very fast. Fundamental aspects of this reaction
type are discussed providing an overview of research results that have been obtained
in the past years. The chapter concludes with a future outlook on the use of graphite
in SIBs.
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1.2 Graphite and Graphite Intercalation Compounds
(GICs)

Among the different carbon allotropes (graphite and diamond) and related nanos-
tructures (graphene, nanotubes and nanofibers, and fullerenes), graphite is techno-
logically the most important one. Graphite is composed of planar graphene layers
that are stacked with an ABAB stacking sequence, as shown in Figure 1.1, along
the c-axis (hexagonal graphite). Rhombohedral graphite with ABCABC stacking, as
shown in Figure 1.1, exists as well but the structure is thermodynamically less favor-
able. The bonds within the layers are strongly covalent, whereas weak van der Waals
bonds (n-r interactions) exist between the layers [2]. This weak interaction is an
important property that allows graphite to act as a host for various molecules and
ions, this way forming the family of GICs [2a, 3]. The oldest reports on GICs date
back to mid-nineteenth century [4, 5]. These GICs consisted of graphite intercalated
by HSO,~ and H,SO, molecules.

An important characteristic of GIC formation is that the layered structure of
graphite remains intact at all times. However, depending on the nature of the stored
substance (intercalate), the interlayer spacing as well as the stacking sequence
change. Another characteristic is that the intercalation does not occur randomly.
Instead, the intercalants tend to order, this way forming periodic structures. With
increasing concentration of the intercalate, all interlayer space is eventually filled.
The subsequent filling of the graphite is called “staging” and has been observed in
the 1930s by Riidorff and Hofmann [6]. The stage n of a GIC formally corresponds
to the number of graphene layers between two intercalant layers. For example,
stages from n =4 (LiCy) to 1 (LiCg) have been frequently reported for lithium
intercalation into graphite [7]. However, the transition between the different stages
is nontrivial, as the intercalants cannot pass through the graphene layers. A peculiar
mechanism is therefore required. The commonly accepted model is the domain
model suggested by Daumas and Herold in 1969 [8], which is still studied in view of
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Figure 1.1 (left) The ABA and (right) ABCABC stacking sequence of graphite; d indicates
the interlayer distance.
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kinetics and thermodynamics, especially for Lit* intercalation [9]. It is worth noting
that the type of graphite also can have an influence on the stage transformation
as shown for HSO,~ intercalation, for example [10]. It is clear that intercalation
of ions (along with reduction/oxidation of the graphite) will lead to changes in
the electrical, magnetic, and thermal properties of the GIC [11]. For example, the
color and conductivity of Li-GICs change depending on the stage. A more detailed
description on the structure and properties of GICs can be found in a well-known
review by Dresselhaus and Dresselhaus [11b] and in the book from Zabel and
Solin [12]. In fact, many GICs were intensively studied already in the 1970s and
1980s but thanks to better analytical tools and theory, there is renewed interest in
these materials, especially with respect to batteries. This goes beyond Li, Na, or K
batteries [13] but also addresses Mg as well as Al batteries [14] or dual-ion batteries
(DIBs) [1f, 15].

As mentioned earlier, the family of GICs is very large as many different inter-
calants exist. For the intercalation of ionic species, the graphite must be either
reduced or oxidized to maintain charge neutrality. For example, Li ions intercalate
along with reduction of graphite, i.e. formally Li (Li* +e~) is added to graphite
to form LiC, (stage I). In order to classify different GICs, intercalation of cations
leads to so-called “donor-type” GICs, whereas intercalation of anions leads to
“acceptor-type” GICs. Another way to classify GICs is according to the number of
intercalants. Most of the reported GICs are “binary” GICs (b-GICs) as they consist
of graphite and one type of intercalant. However, also “ternary” GICs (t-GICs)
or even more complex GICs are reported in which two intercalants intercalate at
the same time. This can be, for example, cations and solvent molecules, e.g. such
as the here discussed intercalation of Na*t along with ether solvent molecules to
form a Na(diglyme),C_,,t-GIC. But also two metals such as Au and K can form
t-GICs [16]. Other popular examples are halides such as FeCl, [17], MoCl; [18],
or AICl,~, which are nowadays also studied as electrode materials. {-GICs can be
further classified into homogeneous and heterogeneous ones, depending on how
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Figure 1.2 Classification of GICs into binary GICs (b-GICs) where a single species is
intercalated into the graphite and ternary GICs (t-GICs) where two unique species are
intercalated. The t-GICs can be further divided into homogeneous - where the two species
are randomly distributed in the graphite — and heterogeneous, where the two intercalants
are ordered in distinguishable layers. Source: Adapted from Ref. [19].
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the structure evolves on a molecular scale. The difference is illustrated in Figure 1.2
as discussed by Solin [19]. The interesting point, however, is the fact that in some
cases only the combination of two intercalants leads to GIC formation, while the
individual intercalants do not intercalate on their own. Considering this, it easily
becomes apparent that the chemistry of GICs is extremely rich and might be tailored
by adding additional reactants. Possibly, a large number of GICs exist that have not
been studied yet (Figure 1.2).

1.3 Graphite as Negative Electrode in LIBs and SIBs

1.3.1 Graphite in Lithium-lon Batteries, Li-rich b-GICs

The development of carbon materials was essential for the success of LIBs. In the
first commercial cells, disordered carbon had been applied as a negative electrode
based on studies pioneered by Yoshino et al. from Asahi Kasai (Nobel Prize in 2019)
[20]. Disordered carbons can be classified into hard and soft carbons. The difference
between the two is that soft carbons can be transformed to graphite upon heat treat-
ment as they are based on aromatic precursors. Hard carbons on the other hand
exhibit such a large degree of disorder (large sp® content) that they cannot be trans-
formed to graphite under practical conditions. The microstructure of disordered car-
bons is extremely complex and mainly depends on the carbonization temperature
and the type of precursor used. These carbons usually contain larger amounts of
foreign elements such as H, O, or N, which strongly influence the properties of the
carbon as well. Due to the disorder, different mechanisms contribute to the storage
of alkali metals like lithium and sodium in these materials. Compared to graphite,
staging does not take place and the ion insertion takes place over a broader poten-
tial range leading to a more sloping voltage behavior [21]. The development of hard
carbons for SIBs is frequently summarized in literature [22], see also the chapter
on Hard Carbon. Despite the promise of disordered carbons, it is important to real-
ize that it is graphite that is largely used for LIBs thanks to its so far better overall
properties.

The theoretical capacity of graphite is 372 mAh g=! (based on the LiC stoichiom-
etry) with around 360 mAh g=! observed in commercial batteries. The reaction can
be generalized as follows:

intercalation

Li*(solv),() +x-C(s) +e7(g) =  LiC.(s)+ n-solv() (1.1)

LiC, is a binary GIC. As mentioned, the reaction proceeds over several intermedi-
ate stages that can be followed by X-ray diffraction (XRD) [23]. For the final stage
(stage 1), x equals 6 [22a, 24]. The redox activity occurs largely between 0.05 and 0.2 V
vs. Li*/Li. The equation emphasizes the fact that Li* in the liquid electrolyte has a
solvation shell that needs to be stripped during charge transfer. This is fundamen-
tally different from the concept discussed in the next sections where the solvation
shells (or parts of it) are co-intercalated into the graphite lattice.
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Graphite was originally considered as impractical for LIBs because delamination
of the graphite lattice took place during intercalation, e.g. when propylene carbon-
ate was used as electrolyte solvent [25]. The use of ethylene carbonate as co-solvent
was a breakthrough in solving this problem [26]. This solvent leads to a favorable
surface layer on the graphite particles (solid electrolyte interphase, SEI) and there-
fore enables highly reversible intercalation/deintercalation of Li*. Nowadays, the
SEI is optimized by special additives and formation protocols. The concept of the
SEI was introduced by E. Peled [27] and is frequently reviewed too. It is interesting
to note that the lack of a suitable SEI so far prevents the use of Li as anode material
for rechargeable batteries, though considerable efforts are undertaken to solve this
problem [28].

1.3.2 Problems in Using Graphite in Sodium-lon Batteries (The Lack
of Na-rich b-GICs)

Because of the chemical similarity between lithium and sodium, the use of carbon
materials in SIBs seems straight forward. While hard carbons show an apprecia-
ble Na storage capacity, the use of graphite was less successful for a long time. The
reported capacity values were quite low, typically in the range of 20-40 mAh g1, i.e.
Na-rich b-GICs did not form [29]. This was often explained by the larger size of the
sodium ion (ry,, = 1.06 A vs. r;, = 0.76 A); however, the even larger alkali metal
ions seemed to have no difficulty forming b-GICs (KCq, RbCq and CsCy) [11b]. Thus,
the size of the alkali metal ion is an insufficient descriptor for determining an ion’s
ability to intercalate into graphite.

Several theoretical studies addressing the lack of Na-rich b-GICs found that they
are thermodynamically unfavorable [24c, 30]. Nobuhura et al. linked the positive
formation energies in sodium-rich b-GICs with stretching, and subsequent destabi-
lization, of the C—C bonds within the graphene sheets [24c], while Liu et al. found
that among the alkali and alkali earth metals sodium and magnesium ions generally
show the weakest binding to substrates, arising from the trends in the competing ion-
ization energies and ion-substrate coupling [30a]. An important theoretical study
was published by Moriwake et al. who suggested that Li (rather than Na) should be
viewed as the exception within the series of alkali metal b-GICs. Following trends
within the alkali metal, Li b-GICs should be unstable too; however, additional cova-
lent bonding stabilizes the structure making the formation thermodynamically fea-
sible [30b]. Similar conclusions were also reported by Lenchuk et al., supporting the
argument that Na-rich GICs are thermodynamically unfavorable and it is lithium
that breaks the trend among the alkali metals [30c].

1.3.3 Solution to Use Graphite in Sodium-lon Batteries (Utilizing
Na-rich t-GICs)

Due to the lack of Na-rich b-GICs, the use graphite in SIBs seemed not promis-
ing. In 2014, however, Jache and Adelhelm and Kim et al. independently reported
on a reversible redox reaction [31]. In their studies, they replaced the conventional
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carbonate-based electrolytes by ethers, this way obtaining storage capacities between
100 and 150 mAh g!. Although the specific capacity was inferior compared to hard
carbons and a large volume expansion took place, the initial Coulombic efficiency
(ICE), cycle life, and kinetics or the reaction was notably better. The underlying stor-
age mechanism for the reaction is the formation of a t-GIC, which only took place in
case ethers were used as electrolyte solvents. Like for b-GICs, several intermediate
phases (stages) are observed during charging/discharging, which can be seen from
Figure 1.3a and the derivative plot in Figure 1.3b. Intercalation starts just below 1
V vs. Nat/Na after which characteristic steps occur (clearly visible in Figure 1.3b
as peaks). A larger plateau occurs at ~0.6 V vs. Na*/Na, representing a two-phase
region, followed by a mainly pseudo-capacitive region down to 0V vs. Na*/Na.
The half-cell reaction for the formation of a ¢-GIC can be written as:

intercalation

+ _
Na*(solv), +x-C+e 2  Na(solv),C, (1.2)
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Figure 1.3 (a) The voltage profile of graphite in 1 M NaOTf in diglyme with the
characteristic plateau at (b) c. 0.7 V vs. Na/Na*. (c) Illustration of diglyme co-intercalated
with sodium into graphite. (d) The reaction is highly reversible, showing 96% capacity
retention after 8000 cycles. From [32]/with permission of American Chemical Society.
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Compared to the formation of b-GICs (reaction Eq. (1.1)), where the solvation shell
is completely stripped during charge transfer, here, the solvation shell is (partly)
co-intercalated leading to a compound Na(solv), C,. (Figure 1.3c). In other words,
desolvation during charge transfer does not take place and the activation barrier for
charge transfer becomes lower.

It is interesting to note that Na t-GICs have been prepared by chemical methods
already since the 1950s with the main aim of exploring the structural variety of this
materials class [12, 33]. A few electrochemical studies have been reported also, but
it was the recently discovered unexpected reversibility of the reaction that lead to
renewed interest of this reaction in the past few years. The reversibility is indeed
surprising at first as the co-intercalation of solvent molecules was usually considered
as quite problematic in LIB graphite electrodes, because the process lead to delami-
nation of the graphite structure and therefore rapid electrode degradation. The use
of ethers as electrolyte solvents, however, seems to overcome this problem. Interest-
ingly, t-GIC formation with ethers also takes place in case of lithium, but the cycle
life is inferior compared to sodium cells [31a]. A range of studies have been pub-
lished on ¢-GIC formation in electrochemical cells in the meanwhile and has been
recently summarized in reviews by Park et al. [34] and Li et al. [1c].

For diglyme as solvent, the electrochemical half-cell reaction can be written as:

intercalation
Na*(diglyme), () +x-C(s) +e7(g) =
Na(diglyme),C.(s) n=10r2, x=16-26 (1.3)

Experimental as well as theoretical results suggest that either one or two solvent
molecules are being co-intercalated per sodium ion (see Figure 1.1c), and literature
values for x range from 16 to 26 [31a, 32, 35]. For x =20, the theoretical specific
capacity becomes 112 mAh g‘l(graphite). Upon co-intercalation, a significant increase
in the graphene layer spacing occurs, expanding from 3.35 A up to 11.3-11.9 A until
astage I compound has formed. The resulting large volume change is typically detri-
mental to the cycle life of electrodes [29e, 35a, ¢, 36]. Surprisingly, however, the
graphite structure is preserved during cycling even at high rates and high current
densities [36]. For example, over 8000 cycles [32] and current densities up to at
least 30 A g~! have been reported (Figure 1.3d). The high rate capability requires
a fast diffusion, which is surprising considering the large size of the ion along with
the co-intercalated solvent molecules. Nuclear magnetic resonance (NMR) studies
indicate that the fast diffusion is enabled by an almost free rotation of the diglyme
molecules (specifically in case of Nat) [35b, 37]. A more detailed discussion on the
NMR results can found in a review by Gotoh [38]. Finally, it is important to empha-
size that the solvent required for the reaction has to be supplied from the electrolyte.
This means that excess electrolyte is necessary. Considering Eq. (1.3) and assuming
n =2 and x = 20, the amount of electrolyte needed is 10.7 pl mAh~! or 1.18 pl mg™!
(graphite) [39].

Overall, there are plenty of questions left unanswered related to the exact struc-
ture, composition, and dynamics of the reaction (e.g. diffusion of solvated ions in
the lattice, charge transfer process, lattice changes, and so on). The following section
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provides a more detailed discussion on this peculiar reaction and discusses factors
that influence the electrode behavior.

1.4 Recent Development in Using Graphite for SIBs

This section discusses various aspects of co-intercalation reactions in SIBs. Various
studies have been published in the past years that largely aim at understanding how
the reaction is influenced by the electrolyte composition and the temperature. More-
over, the lattice and electrode expansion/shrinkage during cycling has been studied
and diffusion properties were analyzed. An interesting aspect is also the question
on whether the graphite surface is covered by and SEI or not. Here, we focus on the
properties of the graphite electrode, i.e. results were obtained in half-cell geometry
with Na as counter electrode. However, it should be also mentioned that graphite
electrodes in SIBs were already successfully used in laboratory full cells too, e.g.
paired with Na, VPO, F, , [40], Na,V,(PO,), [41], Na,,Co0, [42], and activated
carbon (hybrid capacitor) [43]. Moreover, finding low-cost graphite for SIBs becomes
a topic of interest [41b, 44].

1.4.1 Lattice and Electrode Expansion During Cycling

During the electrochemical processes of ion intercalation, co-intercalation, or
adsorption, the electrodes experience a structural change in the crystal lattice,
causing a change in the volume of the electrode. If the continuous expansion
and shrinkage of the electrodes during cycling causes significant mechanical
stress, the cycle life of the battery can be greatly limited. Moreover, a large volume
expansion limits the volumetric energy and power density of the system. Thus, as
co-intercalation causes a great change in the spacing between graphene sheets, the
volume expansion of the electrode is a topic of great importance in these systems.
To monitor the lattice changes during cycling, in situ/operando XRD can be
carried out. Seidl et al. used operando XRD to study the staging behavior for mono-,
di-, tri-, and tetraglyme and found that triglyme causes the smallest lattice expan-
sion while also skipping the stage III compound. Overall, the interlayer spacings
upon complete sodiation are between 11.59 and 12.01 A [36]. Solvent effects were
also studied by Jache et al. using postmortem XRD, with the same conclusion
that triglyme caused the smallest lattice expansion, see Figure 1.4a [29¢e]. Another
approach to study lattice changes is to use theoretical models. Density functional
theory has been used to investigate the energetically most favorable distance
between two graphene sheets with a solvated ion placed in between them, showing
that the interlayer spacing increases from 3.35 to 11.3 A, in good agreement with
experimental results [45]. Therefore, a volume expansion of 240-250% is expected.
Such a large volume change during ion storage is undesired of course. However,
electrodes consist of many individual particles that are held together by a binder,
and depending on the preparation method, the porosity of the electrode can be
adjusted in a wide range. The porosity of lab electrodes typically varies between
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Figure 1.4 (a) XRD measurements showing the large shift in the lattice spacing during the
co-intercalation reaction (Source: Adapted from Ref. [35d]); ECD is used to track the
subsequent volume expansion, in which a sharp contrast can be seen between (b) a
co-intercalation reaction and (c) an intercalation reaction. SEM images of (d) pristine
graphite particles and (e) the exfoliated graphite after initial sodiation (Source: From
[45]/with permission of John Wiley & Sons.)

30 and 70vol%. The expansion/shrinkage of an electrode can be therefore quite
different from what is expected from the changes of the crystal lattice.

The method of choice to study the expansion/shrinkage of electrodes during
cell cycling is electrochemical dilatometry (ECD). ECD is often referred to as an
in situ method, although the actual mode is operando. Measurements provide
valuable information on how the composition and morphology of the electrode
affects the overall volume changes - hopefully enabling a way to mitigate the large
volume expansion. Typical ECD measurement results are shown in Figure 1.4b, c.
The graphs show the first five cycles of a graphite electrode in a Na cell with
ether electrolyte (diglyme, ¢-GIC formation) in comparison with a Li cell with
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conventional carbonate electrolyte (EC:DMC, b-GIC formation). For the Na cell, the
thickness of the electrode (initially about 50 pm) increases by almost 200% during
initial sodiation. Subsequent desodiation leads to electrode shrinkage although not
to the original value. Further cycling leads to periodic expansion and shrinkage
(also called “breathing”) of about 50 pm, i.e. a change of 100% compared to the
initial electrode thickness. This is still large but much smaller compared to the
changes of the crystal lattice.

For comparison, Figure 1.4 also shows ECD data for the formation of a b-GIC
(LiCy). Here the interlayer spacing during Li intercalation increases only by around
10% and consequently also the change in electrode thickness becomes much smaller
compared to the formation of a t-GIC. For a comparable electrode (starting thick-
ness of 50 pm), the electrode breathing for b-GIC formation only amounts to around
2um, or 4-6% (with at the same time an around 3x higher capacity!). The graphs
also show that the first cycle is exceptional in both cells, i.e. the initial thickness
change is much larger than in the subsequent cycles. Such an “activation” can be
attributed to several phenomena but is likely due to particle restructuring and exfoli-
ation. The exfoliation can be seen from scanning electron microscopy (SEM) images,
see Figure 1.4d, e. While the pristine graphite particles are smooth and well defined,
the particles exfoliate to platelets within the first cycle. The important point is, how-
ever, that delamination of the graphite does not take place, i.e. the graphene sheets
are not separated. The platelets remain graphite crystals with an average crystal
thickness of around 30 nm, and the crystallinity is preserved over several thousand
cycles. This can be seen, e.g. from postmortem analysis or simply from the voltage
profiles that maintain their characteristic shape over cycling. The initial large vol-
ume expansion seen in ECD captures the irreversible exfoliation process forming
the platelets, while the breathing observed in subsequent cycles results from the
reversible co-intercalation process into the platelet structure. The expansion in the
first cycle also depends on the type of binder as shown by Escher et al. when com-
paring Polyvinylidene Fluoride (PVDF) and carboxymethyl cellulose (CMC) [46]. A
comprehensive review of the ECD method is given in [47]. Overall, the large differ-
ences seen in ECD results between the Li and the Na cells are a direct indication for
the different reaction mechanisms and the measurements correlate well with the
XRD studies [31a].

1.4.2 Influence of the Electrolyte

Reaction Eq. (1.3) shows that the solvent becomes part of the redox reaction. This
provides an opportunity to tailor the redox behavior of the graphite electrode. For
instance, the redox potential can be shifted by around 200 mV using a series of
glymes [29e, 48]. Mono-, di-, tri-, tetra-, and pentaglyme have been systematically
investigated by several groups. Exceptions within the series of glymes are tri- and
pentaglyme as they do not display a defined redox plateau at room temperature
along with a lower capacity. In case of triglyme, this has been explained by an
unfavorable coordination of the sodium ion [29¢]. Pentaglyme is likely too viscous
to enable better results at room temperature.
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Due to their similarity with glymes, the crown ethers have also been investigated
and shown to enable the co-intercalation reaction. Crown ether 4 (12-crown-4),
crown ether 5 (15-crown-5), and crown ether 6 (18-crown-6) have been shown to
co-intercalate at elevated temperatures although with limited success. A possible
reason is that the crown ethers lack the structural flexibility required to form ¢-GICs.
The most successful results were obtained for 18-crown-6 for which a reversible
capacity close to 80 mAh g~! was obtained at 60 °C [39]. The voltage profile shows
large polarization and many steps indicating a complex storage mechanism with
sluggish kinetics.

In contrast to the solvent, the anion does not take part in the co-intercalation
process and hence does not affect the co-intercalation reaction. The anion, how-
ever, has an effect on the interfaces/interphases in the cell and therefore can have
a strong impact on the electrochemical behavior. A systematic study on the influ-
ence of the conductive salt was performed by Goktas et al. [48]. Diglyme-based elec-
trolytes containing NaOTf, NaPF,, NaClO,, NaFSI, and NaTFSI were compared. The
study concluded that the salts can be ranked from best to worst in the following
order NaOTf> NaPF, > NaClO, > NaFSI > NaTFSI. The reason for the poor behav-
ior of NaTFSI is the instability at low potentials that causes side reactions at the
graphite electrode and, in case of half-cell experiments, the Na counter electrode.
The side reactions in case of NaTFSI (and partially also NaFSI) lead to excess dis-
charge capacity, poor Coulomb efficiency, and poor cycle life. The side reactions also
affect the dilatation of the electrode, where the thickness increases to greater values
upon cycling along with trapping of ions in the graphite structure. The best results
were obtained for NaPF, and NaOTf for which excellent cycle life and high Coulomb
efficiency were obtained. The extent of side reactions was also followed by gas analy-
sis, which clearly showed indication for continuous side reactions in case of NaTFSI
and NaFSI.

Xu et al. systematically studied the influence of the salt concentration on the redox
behavior [40]. Increasing the concentration of NaPF, from 0.05 to 3M leads to a
decrease in voltage. Only a minor influence is found in the lower concentration
range from 0.05 to 1 M where the voltage changes only by 8 mV. A stronger impact
is found in concentrated electrolytes from 1 to 3M with a shift of approximately
100 mV.

Besides glymes, a few glyme derivatives, and some crown ethers [29e, 39],
ethylenediamine (EN), as a co-solvent, is the only other solvent that has so far
shown to have an effect on the co-intercalation behavior. Using ethylenediamine in
a 1:1 ratio with diglyme lowers the voltage of the plateau as shown by Zhang et al.
[49]. Escher et al. found the same for even smaller amounts (10 vol% EN) [46]. The
addition of EN changes the voltage profile indicating that it actively participates
in the reaction. The underlying redox reaction is not well understood, but both
solvents (EN and diglyme) may co-intercalate together into the graphite lattice.
This leads to a further increase in structural complexity and demonstrates another
possibility of tailoring the properties of ¢-GICs. Interestingly, adding EN also
significantly lowers the lattice and electrode expansion. The electrode breathing as
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Figure 1.5 Voltage profiles and electrochemical dilatometry (ECD) data for t-GIC formation
in Na cells with electrolytes containing only diglyme (2G) as solvent and diglyme + 10 vol%
ethylenediamine (EN). The conductive salt is NaPF,. The addition of EN changes the redox
behavior as seen from the change in the voltage profile and significantly reduces the
expansion/shrinkage (breathing) or the electrode. The graphs show the second cycle.
Source: From [46]/John Wiley & Sons/CC BY 4.0.

measured by ECD only amounts to around 20%. A comparison of voltage profiles
and ECD data with and without EN as co-solvent are shown in Figure 1.5 [46].

1.4.3 Influence of Temperature

The influence of temperature on the formation of t-GICs has been studied as well.
Generally, the temperature influences the kinetic and thermodynamic properties of
a reaction. From a thermodynamic point of view, the change of the cell voltage E
with temperature depends on the reaction entropy according to (dE/dT) = AS/zF.
From a kinetic point of view, the rate constant k depends on temperature according
to k = Const.-exp(E,/ks T), with E, being the activation energy. Systematic measure-
ments by Goktas et al. between 25 and 85 °C showed that the reactions in mono-,
di-, and tetraglyme are thermodynamically controlled, as the plateau redox poten-
tials decrease linearly with increasing the temperature [39]. The same study showed
a temperature coefficient of the redox potential of —2.55+0.3mV K™, which can
be used to calculate the entropy change of the reaction. The entropy change was
also discussed by Xu et al., noting that the entropy change for ¢-GIC formation is
larger compared to conventional intercalation reactions [28b]. This means that the
redox potential of ¢-GIC reactions is comparably sensitive to temperature (although
the absolute changes remain small within reasonable temperature ranges). As men-
tioned earlier, the use of tri- and pentaglyme as solvents leads to poor room tempera-
ture redox activity compared to mono-, di-, and tetraglyme. Temperature-dependent
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studies revealed that this is a kinetic effect, and both solvents work well at slightly
elevated temperature starting from around 40 °C [39]. Increasing the cell tempera-
ture can also promote side reactions that started when exceeding temperatures of
70-80°C.

1.4.4 Physicochemical Properties

For battery electrolytes, two of the more important physicochemical properties
are viscosity and ionic conductivity, and both properties are highly dependent
on temperature. For glymes, the viscosity increases with the length of the glyme
from 0.78 mPas (monoglyme) to 7.59 mPas (tetraglyme) at 20 °C. For monoglyme,
the viscosity was only determined at 20°C due to the high vapor pressure. The
viscosity, however, for pentaglyme is much greater than the other glymes, with
186 mPas at 20 °C, but once the temperature is increased, the viscosity decreases
sharply to 72.2mPas (50°C) all the way down to 22.4mPas (80°C). Although
kinetic properties of electrode reactions depend on many parameters, low values of
viscosity are favored [39]. The ionic conductivity of the electrolyte is critical for the
battery. The diglyme-based electrolyte has a significantly higher conductivity than
electrolytes based on mono-, tri-, tetra-, and pentaglyme and crown ethers. Using
NaOTf, the ionic conductivity in diglyme is 4.47 mS cm™! at 20 °C and increases to
5.91mScm~! at 60°C and 6.23 mScm™! at 80°C, even at —30 °C, the conductivity
is 1.59mScm™!. The low freezing point of diglyme (—64°C) is an advantage in
view of low temperature battery operation. It is worth to mention that the ionic
conductivity of triglyme-based electrolyte is particularly low at 20 °C, only having
an ionic conductivity of 0.306 mS cm™!; however, it quickly rises to 2.60 mS cm™! at
60 °C all the way to 3.56 mScm™" at 80 °C [39]. Again, this might be connected with
the unfavorable coordination between triglyme and the sodium ion [29e, 39].

Several Raman spectroscopy studies have shown how the G, D, and D’ bands are
affected by the co-intercalation process [31b, 32, 41a, 51]. Pristine graphite displays
a strong G band and a weak D band, characteristic of the strong sp?-hybridized
C—C bonds. Upon co-intercalation the intensity of the D band increases greatly,
and the D’ band emerges, indicating sp> defects and the formation of a staged GIC,
as shown in Figure 1.6 [31b, 41a, 51]. The excellent cyclability is again manifested by
the Raman measurements, as barely any changes in the structure are observed over
8000 cycles [32].

Besides showing an impressive capacity retention of 96% after 8000 cycles and the
ability to operate at 65% of capacity at a current density of 30 A g%, i.e. the cell can
be fully charged in 12.5 seconds, Cohn et al. investigated the diffusion of solvated
sodium ions using the galvanostatic intermittent cycling technique and attributed
the great rate capabilities to the fast diffusion of the sodium ions in the electrode
material [32]. Similarly, Jung et al. made theoretical investigations of the diffusion of
solvated sodium ions between the graphene layers and found, surprisingly, that the
diffusion coefficients were an order of magnitude higher for the solvated sodium ions
compared with bare sodium or lithium ions, i.e. t-GICs might be especially suited
for high-power batteries [35c].
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Figure 1.6 (a) In situ Raman spectra showing the highly ordered staging reaction with (b)
selected spectra and Lorentzian fits of components. (c) Tracking the positions of the Raman
G peak components during the electrochemical intercalation reaction with the corres-
ponding Galvanostatic discharge (~0.2 Ag~!) profile shown with respect to right y-axis
(black line). Source: From [32]/with permission of American Chemical Society.
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1.4.5 Solid Electrolyte Interphase (SEI)

The SEI has been thoroughly studied for LIBs. The SEI directly affects the battery
performance, and its formation and characteristics are hence of great importance.
Ideally, the SEI is electronically insulating, ionically conducting, chemically and
mechanically stable (but flexible enough to follow the volume changes during
cycling), and it should form within the initial cycles such that the system quickly
stabilizes [52]. From a classical perspective, the SEI also prevents any solvent
co-intercalation. Without doubt, a reversible graphite electrode based on solvent
co-intercalation questions this traditional concept of an SEI. Whether or not an
SEI exists in the case of reversible ¢-GICs electrodes is therefore controversially
discussed. Especially, the fact that the reaction can be so fast indicates an extremely
low charge transfer resistance for the solvated Na*, which, at the same time,
would require an SEI-free (or nearly SEI-free) interface. Several studies therefore
addressed the characteristics of the SEI. While Maibach et al. [52] and Wang et al.
[53] reported on an existing SEI, our group and the Kang group concluded that
the co-intercalation reaction requires an “SEI-free” interface that was supported
by transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and Online electrochemical mass spectroscopy (OEMS) studies [45, 54].
None of the analytical tools is perfect, and analyzing SEIs on battery electrodes
is chronically difficult for various reasons. In some cases, however, the different
findings can be explained by different experimental conditions. Wang et al. used a
graphite electrode with a large fraction of super-P as additive, and the studies by
Maibach et al. and Goktas et al. used different electrolytes (NaFSI in tetraglyme vs.
NaOTf in diglyme). Our own findings indicate that NaFSI causes additional side
reactions [48] that may artificially lead to an excessive SEI formation. Moreover, an
SEI may also form on conductive additives that may mask the graphite particles. A
similar problem arises from the binder that is typically used to prepare electrodes.
An indication of excessive side reactions can be seen from the Coulomb efficiencies
that are low for the electrodes with large amounts of conductive additive and
NaFSI-containing electrolytes.

Figure 1.7 shows TEM images of graphite particles after electrochemical cycling.
The left image shows the results for a Li cell with carbonate electrolyte (b-GIC for-
mation) for which an SEI can be observed. The right image shows results for a Na cell
after cycling in a diglyme electrolyte (+-GIC formation). When cycling this electrode,
neither binder nor conductive additive was used. In this case, an SEI is not visible.
Similar results were reported by Kim et al. who could not find an SEI by TEM (and
XPS) [54]. As mentioned, analysis is challenging and the common techniques to
study the SEI such as XPS and TEM are postmortem techniques that require a sam-
ple transfer and sample preparation that may cause surface reactions that may be
misinterpreted as an SEI. On the other hand, too intense washing of the electrodes
during sample preparation may wash off the SEI. Moreover, contamination of the
graphite surface may also arise from reactions of the electrolyte with the counter
electrode (cross-talk).
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Figure 1.7 (a) TEM images of fresh graphite and SEI on graphite anodes cycled to four
cutoff voltages in 1.2 M LiPF,/EC during first charge (Source: From [55]/with permission of
American Chemical Society); (b) TEM and HRTEM images of the graphite particles after
cycling in electrolyte solutions of 1 M NaOTf in diglyme (end of fifth cycle, desodiated
state). Insets: Selected area electron diffraction (SAEDs) patterns for areas; the semi-circles
indicate the expected positions for graphite interplanar distances. (Source: From [48]/with
permission of American Chemical Society).

Overall, the charge transfer of solvated ions into graphite is quite intriguing.
Whether or not an SEI exists in case of reversible t-GIC formation remains a matter
of debate. Related to that, theoretical studies suggest that diglyme can be indeed
stable at low potentials that may prevent SEI formation [56].

1.4.6 Increasing the Capacity

A major limitation of using graphite as electrode in SIBs is the limited capacity,
which still remains at around 110 mAh g™ for the ¢-GIC formation. This value
is low for battery electrodes (should be >>150 mAhg~!) but high compared to
capacitive electrodes, which indicates that t-GIC formation may be more suited
to design high-power electrodes, e.g. also for hybrid capacitors. A higher capacity
could be obtained by finding new Na ¢-GICs in which more sodium can be stored.
The attempts so far, however, were not successful. A more practical approach to
increase the capacity is to add metals. For LIBs, it is well known that small amounts
of silicon can be added to graphite electrodes in order to increase the capacity.
The general downside of high-capacity metals such as Si or Sn is that they show
an extremely large volume expansion/shrinkage that leads to poor cycle life, so a
careful optimization of the electrode and metal content is required. Si so far does
not show good properties as anode in SIBs, but promising results were obtained for
Sn that shows a theoretical capacity of 847mAh g™ for the formation of Na, ,sSn
[57]. The theoretical volume expansion of Sn during complete sodiation is around
430% [58]. But for a carbon/Sn composite, the expansion on the electrode level
can be much smaller. For example, Palaniselvam et al. found an expansion of 14%
for a composite containing 58 wt% Sn and 42wt% hard carbon [59]. Our group
therefore also added small amounts of Sn to a graphite electrode and studied the
impact on the Na storage behavior [43]. For an electrode containing 17 wt% Sn
and 83 wt% graphite, the capacity reached 223 mAh g, i.e. roughly doubling the
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capacity compared to the pure graphite electrode. The ICE remained high at 90%,
and the electrode showed a high-capacity retention for at least 2200 cycles. While
the additional tin doubles the capacity, its contribution to the electrode expansion
is negligible (~3%). Due to the high rate capability of the reaction, the electrode was
tested as anode in a Na-ion hybrid capacitor (with an activated carbon as cathode).
Excellent long-term cyclability with 80% of the original capacity after 8000 cycles
were obtained. Based on the mass of the electrodes, the cell delivered an energy
density 93 Wh kg™! of and a power density of 7.8 kW kgL

1.5 Outlook

Even though the formation of sodium-glyme t-GICs has gathered attention in the
past few years, several questions are still left open for future research. First of all, the
fundamental question of what combination of properties of the solvents, ions, and
electrode material that enable these highly reversible co-intercalation and charge
transfer processes remains unanswered and largely unaddressed. The desolvation
energy, however, has been identified as a critical quantity, but a very limited set
of solvents have been investigated in this regard [35d]. In fact, as the exact stoi-
chiometry of the co-intercalation process in glyme-based electrolytes and graphite
is unknown, more thorough and detailed investigations are probably needed before
a fundamental understanding of the phenomenon can be established. Once such an
understanding is achieved, it is possible that several new systems operating by the
co-intercalation mechanism can be found; in fact, there are several studies on using
potassium and di- or even trivalent cations [34].

Several studies have argued, or asserted, that a single diglyme molecule is brought
along the sodium ion, and thus partial desolvation occurs before the ion enters the
active material [28b, 35a, c, d]. For instance, one study measured the mass change
of the graphite electrode along with energy dispersive X-ray spectroscopy and found
that there is one solvent per cation [35a], and several theoretical studies have looked
at a single solvent around the sodium ion [35b, 45]. Similarly, several studies have
argued or, again, asserted, that two diglyme solvents are brought along the sodium
ion, and hence no desolvation occurs in the charge transfer process, and theoretical
studies have seen excellent agreement between the XRD measured graphene layer
spacing and the computed spacing when the sodium ion is solvated by two diglymes
[35b, 37,45]. Two NMR studies found that the solvation shell remains intact with two
diglyme molecules around the sodium ion in the graphite host, along with additional
free diglyme molecules [35b, 37]. Moreover, one of the NMR studies revealed that
the sodium solvation shells interact more weakly with the graphite than the lithium
counterparts, allowing for faster diffusion of sodium ions [37]. Needless to say, as the
research community is divided on what exactly enters the graphite galleries, more
research is needed before the question can be settled.

As stated previously, several studies have investigated the SEI in these systems,
but the results remain inconclusive, possibly due to the studied systems not
being identical, and thus the existence, and, if so, the characteristics of the SEI

19



20

1 Graphite as an Anode Material in Sodium-lon Batteries

is still left unanswered. But, it is clear that the great rate capabilities cannot be
achieved without the interface being highly permeable for entire solvation shells.
Practical questions to be addressed in the future also relate to realistic full cells
with minimized electrolyte volume and multilayers where the large breathing may
lead to mechanical problems. It is therefore especially desirable to find Na-rich
t-GICs with higher capacity but at the same time smaller lattice expansion. A more
rational development would be enabled by a better understanding of the complex
interactions between the graphite lattice, the Na ions, and the co-intercalated
solvent molecules. A key advantage of Na t-GICs for practical applications so far
seems the fast in-plane diffusion that could enable high-power devices.
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