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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 72.2 mPas (50 ∘C) all the way down to 22.4 mPas (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−1 at 20 ∘C and increases to
5.91 mS cm−1 at 60 ∘C and 6.23 mS cm−1 at 80 ∘C, even at −30 ∘C, the conductivity
is 1.59 mS cm−1. 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−1; however, it quickly rises to 2.60 mS cm−1 at
60 ∘C all the way to 3.56 mS cm−1 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 sp2-hybridized
C—C bonds. Upon co-intercalation the intensity of the D band increases greatly,
and the D′ band emerges, indicating sp3 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−1, 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 A g−1) 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 t-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 (t-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 LiPF6/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−1 for the t-GIC formation. This value
is low for battery electrodes (should be ≫150 mAh g−1) 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 t-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 847 mAh g−1 for the formation of Na3.75Sn
[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 42 wt% 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−1, 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−1 of and a power density of 7.8 kW kg−1.

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
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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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