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Solid-State NMR Study on the Structure and Dynamics of
Graphite Electrodes in Sodium-Ion Batteries with Solvent
Co-Intercalation
Ines Escher,[a] Annica I. Freytag,[b] Juan Miguel López del Amo,*[c] and Philipp Adelhelm*[a, b]

The possibility to co-intercalate sodium ions together with
various glymes in graphite enables its use as a negative
electrode material in sodium-ion batteries (SIBs). However, the
storage mechanism and local interactions appearing during this
reaction still needs further clarification. 1H, 13C and 23Na ex situ
solid-state NMR (ss-NMR) experiments are performed to obtain
insights into the storage mechanism depending on the state of
charge (SOC) and the electrolyte solvent used. Distinct differ-
ences could be seen depending on the SOC, indicating a

possible change of the solvation shell, differences in the
mobility as well as a phase transition at the voltage plateau.
Furthermore, exchange experiments reveal information on the
sodium ion transport process in the graphitic lattice. The
inferior cycling performance of triglyme (3G) (compared to
diglyme (2G) and pentaglyme (5G)) is also reflected in the ss-
NMR spectra, showing a reduced mobility and stronger
interactions between sodium ions, 3G and graphite already at
room temperature (RT).

Introduction

Graphite is the most common material used as a negative
electrode in lithium-ion batteries (LIBs), showing a capacity of
372 mAhg� 1.[1] When moving forward to sodium-ion batteries
(SIBs), which are promising alternatives due to more abundant
materials and lower cost,[2] graphite cannot be used with the
same electrolyte as in LIBs.[3] The formation of a binary graphite
intercalation compound (intercalation of the bare sodium ions)
is thermodynamically unfavorable[4] and therefore only capaci-
ties of around 5–15 mAhg� 1 can be obtained.[3] A way to
overcome this issue is the use of ether-based electrolytes, in
contrast to carbonate-based electrolytes, which are common in
LIBs.[3] This results in the formation of a ternary graphite
intercalation compound (t-GIC), a co-intercalation of the
sodium ions together with their solvent molecules.[3a,5] The
voltage profile of this co-intercalation reaction shows a

characteristic voltage plateau at around 0.6–0.7 V vs. Na+/Na
when using 2G as electrolyte.[3a,5,6] Equation (1) shows the
reaction taking place during electrochemical cycling.[3a]

Cn þ e� þ Aþ þ y solv Ð Aþ solvð ÞyC�n (1)

The general occurrence of the co-intercalation reaction has
been proven by several techniques like operando electro-
chemical dilatometry,[6f,i,j,m] X-ray diffraction (XRD),[3b,6c–e,j,7] high
resolution transmission electron microscopy (TEM),[5] Fourier-
transform infrared spectroscopy (FTIR) analysis,[5,7] visualized
height change,[6a,d] Raman[6b,7] and ss-NMR.[8] However, the exact
stoichiometry [n and y in Equation (1)] and the mechanism of
this co-intercalation are not totally clarified yet.

Controversial results have been found especially regarding
to the number of co-intercalated 2G molecules per sodium ion
[y in Equation (1)]. Kim et al. measured the weight change in a
graphite electrode and found a co-intercalation of one 2G
molecule per sodium ion. This observation was further
supported by energy-dispersive X-ray spectroscopy.[6a] Addi-
tionally, theoretical investigations calculating the solvation
energies, showed that a potential second solvent molecule can
be removed more easily from the complex than the first one,
supporting the idea of one 2G per sodium ion and a partial de-
solvation process prior to co-intercalation.[9] Jung et al. found
that a partial de-solvation of [Na(2G)2]

+ prior to the co-
intercalation reaction must take place to explain the differences
between high C-rate behavior of sodium and lithium co-
intercalation.[10] In contrast to this, Seidl et al. and Jache et al.
suggested that two 2G molecules encase one sodium ion due
to a preferred coordination number of 4–7 for sodium ions.[3b,6d]

In addition, a preferred coordination in the liquid of [Na(2G)2]
+

has been found using neutron total scattering and empirical
potential structure refinement.[11] Furthermore, the number of
carbon atoms per sodium ion (n) has been calculated from the
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gained capacities, most commonly resulting in values between
20 and 22 (corresponding to a capacity of 100–
110 mAhg� 1).[3,6a,c–g,i,12]

The co-intercalation reaction of sodium ions in graphite
occurs by a staging process which has been found by several
groups using XRD[6a,c,d,j,7] and Raman spectroscopy.[6b,7] Kim et al.
investigated this system by using operando synchrotron-based
XRD and found that the upper voltage region can be correlated
to a reaction where a lot of different stages exist (number of
stages represents the number of graphene layers between
intercalant layers).[6a] During further co-intercalation, stage 2 is
formed at the beginning of the plateau and transformed to
stage 1 during the plateau. In the following voltage slope stage
1 is further sodiated and ordering phenomena occur.[6a] This
transition (stage 3-2-1) is also supported by other ex situ and
in situ studies.[6c,d,j] XRD studies further proved that the size of
the solvent molecules does not have a strong influence on the
interlayer distance in stage 1,[3b,6a,j,7] showing that the solvent
molecules fold between two graphene layers[7] or are parallel
between them.[6j] The in situ Raman experiments fit well with
the results found by XRD, showing a stage>2 before the
plateau (indicated by a doublet Raman signal) and a stage�2
at the beginning of the plateau (single signal).[6b] Using electro-
chemical dilatometry (ECD), the voltage decrease after the
plateau was correlated with a pseudocapacitive storage
mechanism.[6f,j]

Although 2G is the most common ether used for the co-
intercalation of sodium ions in graphite, monoglyme (1G), 3G,
tetraglyme (4G) and 5G have also been used
successfully.[3b,6a,d,e,j,7] Herein 3G shows less capacity and an ill-
defined voltage profile,[3b,6d,e,j] which is due to a geometrically
unfavorable coordination. Over-[3b] and under-[6d] coordination
have been suggested, the latter leading to an increasedsodium
ion – graphite interaction.[6d] The number of coordinating
solvent molecules was assumed to be 3 for 1G,[3b] 1–2 for 3G,[3b]

1 for 4G[3b] and 1 for 5G[6e] due to the optimum coordination
number of 4–7 for sodium ions in solution.[3b] In contrast,
weight change experiments suggested one 1G, 3G and 4G
molecule per sodium ion in the intercalated state (but measure-
ments are challenging).[6a] In addition, it was found that the co-
intercalation of 3G as well as 5G, the latter showing a high
viscosity at RT, are kinetically controlled, whereas the co-
intercalation of 1G, 2G and 4G is governed by
thermodynamics.[6e] This can be seen by a decreased over-
potential between charge and discharge at elevated temper-
atures and low currents for 3G, whereas no influence can be
seen on the overpotential of 1G, 2G and 4G in those cases.
With rising temperatures, the reaction with 5G becomes
thermodynamically limited, in contrast to when 3G is used for
which the reaction remains kinetically limited.[6e]

To gain a deeper understanding of the storage mechanism
in t-GICs, solid-state nuclear magnetic resonance (ss-NMR)
experiments on the co-intercalated materials were performed.
Leifer et al. compared in their study the co-intercalation of
sodium and lithium ions with 2G in graphite with ss-NMR. They
demonstrated that the [Li(2G)2]

+ complex is more tightly
connected to the graphene sheets and has a lower mobility

compared to the [Na(2G)2]
+ complex, which indicates weaker

interactions to the graphene layers. Those findings can explain
the more favorable formation of t-GICs with sodium as
compared to lithium.[8] Here, we apply Magic Angle Spinning
(MAS) ss-NMR to study the structure of sodium t-GICs with 2G
at different SOCs. In addition, other linear ether molecules are
investigated, and a comparison to the co-intercalation of
lithium ions is given.

Results and Discussion

Structure of sodium t-GICs with 2G at different SOC

Ex situ solid-state 13C NMR experiments have been conducted
on graphite samples at different positions of the voltage profile
during (de)sodiation, see Figure 1a) for the voltage curve and
the cut-off voltages. Before stopping the (de)sodiation at
specific voltages, cells were pre-cycled for one cycle. The
graphite electrodes were cycled without conductive additive or
binder to avoid any possible interference. After reaching
specific SOC values, cells were dismantled under argon
atmosphere and the graphite samples were packed into
2.5 mm rotors for ex situ ss-NMR measurements. Five different
samples were measured by ss-NMR during sodiation (S:2V–
S:0.01V), where S:0.01V corresponds to the fully intercalated
sample. D:0.7V and D:2V represent the de-sodiation process,
with D:2V being the fully de-intercalated sample. 1D 13C NMR
experiments at different degrees of sodiation reveal two signals
at around 71 ppm and 62 ppm in all partially and fully
intercalated samples (see Figure 1b). These signals, with an
approximate ratio of 2 : 1 are assigned to the CH2 and CH3

carbons of the 2G molecules, respectively. The signals between
122–136 ppm can be assigned to the graphitic carbon (signals
for aromatic carbon are usually between 120 and 140 ppm[13]).

Interestingly, for S:1V, S:0.625V and D:0.7V two signals are
visible in the region where sodiated graphitic peaks are
expected. The peak at 122–125 ppm agrees with the results
reported by Leifer et al., corresponding to a down-field shift of
the pristine graphitic peak (around 89 ppm).[8] This shift to
higher ppm values can be explained by the interaction of the
sodium ions with the conjugated π-system upon co-intercala-
tion similar to the effect of metal doping as explained by Leifer
et al.[8] However, the peak at even higher shift values (134–
136 ppm) at low co-intercalation levels has not been reported
thus far. Leifer et al. did not performed experiments at these
co-intercalation potentials but they did observe a peak in this
region after drying the electrode for several days and explained
the down-field shift with a change in either the graphene
stacking or a change in the solvation shell of the co-
intercalated sodium ions. To rule out the possibility of dried-
out samples, the experiments at S:1V and S:0.625V were
examined more closely by repeating the 13C experiments
immediately after cycling and then again after 14 days of
drying (rotors were opened up inside the glove box and left to
dry). The peak shifts at 134–136 ppm were basically unchanged
(Figure S1) whereas the peaks at 122–126 ppm decreased
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visibly in intensity. This proves that the signal at 135 ppm may
also originate from the co-intercalation process and not just
from a dried-out sample. This indicates that there is indeed a
change in the solvation structure as mentioned by Leifer et al.[8]

However, it is not (only) induced by solvent evaporation but
also through partial electrochemical co-intercalation. At low co-
intercalation levels the graphene interlayer distance is assumed
to be smaller which may favor the coordination of sodium ions
with one 2G molecule instead of two. Theoretical calculations
showed that sodium ions complexed with only one 2G
molecule have a stronger interaction with the graphene layer
and are sitting closer to the surface than a complex with two
2G molecules [2.38 Å distance for Na(2G)1C20 and 5.04 Å for
Na(2G)2C20

[14]]. This results in a stronger direct interaction of the
sodium ion with the graphene layers leading to a down-field
shift to around 134–136 ppm. However, the peak at 125 ppm
indicate that sodium ions are also co-intercalated with two 2G
molecules. At higher co-intercalation levels, the graphene
interlayer distance might be increased, which makes it more
favorable for all the sodium ions to coordinate to two 2G
molecules leading to a disappearance of the peak at 134–
136 ppm. Further computational studies are necessary to verify
the assignment. It has to be kept in mind that also other
processes take place between S:1V, S:0.625V and S:0.45V,
S:0.01V, that might influence the shift of the 13C NMR signal,
including a change of the staging[6a–d,j,7,15] and probably a
change of the stacking order of graphite.[3b,14,16]

Figure 2 shows the 1H single pulse NMR spectra of fully co-
intercalated graphite samples. During the formation of the
t-GICs, sodium ions are co-intercalated into the graphitic lattice
together with solvent molecules. In this sense several different
1H signals are assumed that can be correlated to 2G molecules
surrounding sodium ions in the graphitic lattice (see I in
Figure 2a) and 2G molecules that are separated from the
sodium ions (II). Not all diglyme molecules get intercalated into

the graphitic structure therefore molecules that are adsorbed
to the surface are also considered (III). Figure 2b) shows the 1H
single pulse NMR spectra of the fully intercalated t-GIC at RT.
Herein, three partially overlapping signals can be seen. Sharp
signals at around 3.4 ppm are assigned to free 2G molecules
outside of the graphite structure (see III, several small peaks
fitted with one peak for simplification), similar to a typical shift
of liquid 2G between 3.3 and 3.5 ppm.[8,13] The low signal width
of these molecules indicates a non-restricted mobility that
effectively averages out the anisotropic NMR interactions
typically present in solid molecules. Two main broad signals are
observed in Figure 2b) that are shifted to higher ppm values
and are assigned to 2G coordinating sodium ions inside the
graphite (6.7 ppm) and non-coordinating 2G inside the graph-
itic structure (3.8 ppm) (see Figure 2a), I and II). A shift to higher
ppm values might be explained by the interaction of the 2G
protons with graphite electrons and therefore a deshielding
effect by the ring currents of the delocalized π electrons in the
graphite and the paramagnetic character of the interaction,
which is in agreement with a stronger coordination of the
type I 2G with the graphene layers.[8,17]

Reducing the temperature of the fully intercalated sample
to � 30 °C (see Figure 2c) results in a broadening of peak I,
which is explained by a different mobility of the 2G molecules
in the [Na(2G)y]

+ complex at low temperature. In contrast, the
signals II and III exhibit a similar line broadening as at RT,
indicating that the mobility of the non-coordinating 2G inside
the graphitic lattice and the free 2G outside is not dramatically
changed at low temperatures. The ratio between glymes
coordinating to sodium ions (type I) and the overall amount of
glymes as obtained from the signal deconvolution shown in
the Figure is similar at RT and � 30 °C (59% and 57%, see
Supporting Information Table S1), indicating that not the
amount of type I glymes is reduced at lower temperatures but
only their mobility is restricted. Similar results were found using

Figure 1. a) Voltage profile of the co-intercalation of sodium ions in graphite (2nd cycle). Specific voltage values during sodiation (S) and de-sodiation (D) are
marked at which the measurement is stopped to perform ex situ NMR experiments, b) 13C MAS NMR spectra of sodium co-intercalated in graphite at different
states of charge.
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2H NMR of chemically intercalated sodium ions, showing more
rigidly bond 2G to the sodium ion at � 40 °C compared to RT.[18]

Investigation of lithium ions co-intercalated in graphite (see
Supporting Information Figures S2 and S3) also revealed two
different signals. A further discussion on this is given in the
Supporting Information.

As already proven with 13C NMR, variations can be seen
between different SOCs. To get further insights, ex situ 1H single
pulse NMR experiments were conducted at different voltages
(see Figure 3). The already discussed, fully co-intercalated
sample is represented by S:0.01V in this Figure. Comparing the
evolution of type I 2G molecules (2G surrounding sodium ions
in the graphitic lattice) one can see that the line broadening is
strongly changing before/during and after the voltage plateau
(comparison of S:0.45 and S:0.01V versus S:1V, S:0.625V and
D:0.7V). The reader is referred to the Supporting Information
Table S2 for the Full Width at Half Maximum (FWHM) values
and intensity ratios obtained by the signal deconvolutions. The
line broadening is significantly larger for voltages above or at
the plateau, indicating a reduced mobility of glyme molecules
coordinated to sodium ions in the graphitic lattice at low
degrees of sodiation. This might be explained by a lower
interlayer distance where the amount of intercalated material is
low. At S:0.45 and S:0.01V, where the graphite is (almost)
completely sodiated, the mobility of the [Na(2G)y]

+ complexes
increases again in agreement with a large interlayer distance in
this case. Also, even though a large amount (~77% discharge
capacity for S:0.45 and ~97% for S:0.01V, compared to the first
discharge capacity) of [Na(2G)y]

+ complexes is intercalated,
they do not significantly hinder each other’s movement.

Regarding the similarity of S:0.45V and S:0.01V the reader is
referred to the Supporting Information (Figure S4).

A similar effect can be seen for the non-solvating interca-
lated 2G molecules in the graphite (see Supporting Information
Table S2 for the FWHM values and intensity ratios), showing a
reduced mobility at lower states of sodiation which might be
explained also by a lower interlayer distance. Unlikely to the
broadening that was visible at � 30 °C, that only took place for
the bulky [Na(2G)y]

+ complex (type I), also the non-solvating 2G
molecules show an increased line broadening at low states of
sodiation even at RT, showing that the mobility of all types of
glymes is affected by the SOC. This effect is reversible, as a
broadening of the peaks can be seen during the de-
intercalation process (D:0.7V).

In addition, sharp peaks, indicating excess 2G can be seen
in almost every sample, indicating that the samples are not
dried out. A difference in the intensity results from the fact that
ex situ experiments were performed and different samples/cells
have been used for the different SOCs. This also explains the
differences between S:2V and D:2V as more free electrolyte
might be attached to the D:2V. The broad peak visible at D:2V
might be related to irreversible trapped or adsorbed 2G
molecules.

The 23Na NMR spectra of fully intercalated graphite (S:01V)
is shown in Figure 4a). At least two signals are expected in this
case for sodium sites at residual free electrolyte outside of the
graphite structure and sodium ions co-intercalated in graphite.
The overlap of the signals observed complicates the assign-
ment of the spectrum. The peak width for the electrolyte site
was constrained to not go above 200 Hz during fitting. The
peak width of the pure electrolyte was measured to be 113 Hz

Figure 2. a) Schematic representation of the different proton species, b and c) 1H single pulse MAS NMR spectra from fully intercalated sodium ions in
graphite using 1 M NaOTf in diglyme as electrolyte b) at room temperature (RT) and c) � 30 °C.
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(see Figure S5), which should be similar for the ex situ samples.
Therefore, two sites could be fit with reasonable accuracy. The
peak at � 6.3 ppm is in agreement with the shift obtained for
the NaOTf electrolyte in 2G. (comparison spectra for 1 M NaOTf
in different glymes can be found in Figure S5). The mean peak
at � 4.6 ppm is assigned to sodium ions inside of the graphene
layers. The increased signal width of the intercalated sodium
ions as compared to the free electrolyte can be explained by a
decrease in mobility of the first. The lack of an extensive down-
field shift indicates that the sodium ions are solvated and do
not experience a strong Knight-shift character as it is the case
for lithium intercalation in graphite, where larger shifts are
characteristic for an increase in metallicity of lithium.[19] In the
case of lithium, three peaks are visible. A more detailed
explanation and the corresponding graphs can be found in the
Supporting Information (Figure S 3b).

Figure 4c) shows the 23Na NMR spectra at the same points
of (de)sodiation as for the ex situ 13C (Figure 1b) and 1H NMR
experiments (Figure 3). It clearly indicates that both types of
sodium ions exist in all (partially) sodiated samples. It is noted

here, that it is difficult to distinguish between sodium ions
solvated by one or two 2Gs in 23Na NMR as it is expected for
these signals to be in a similar shift range. Thus, it cannot be
concluded that the peak at around � 4.6 ppm corresponds to
one sodium site only. Instead, a combination of co-intercalated
sodium sites with different 2G solvation environments is more
likely, possibly changing with the state of sodiation. Interest-
ingly, S:0.45V and S:0.01V differ from S:1V, S:0.625V and D:0.7V
in intensity, peak width and peak shift. A higher intensity, peak
width and an increased shift value can be seen at S:0.45V and
S:0.01V, indicating a phase transition at high co-intercalation
levels. Distinct differences between the S:0.45V and S:0.01V
compared to the other samples can be also seen in the 1H and
13C NMR experiments.

The residual small peaks at fully de-intercalated state after
the 1st cycle (S:2V) and the 2nd cycle (D:2V) can be assigned to
irreversibly trapped or adsorbed sodium ions or free electrolyte.
However, it has to be mentioned that the ICE is high (91%–
97%) which suggests that trapping of ions can be (if at all) only
a minor effect. Note that for the used electrolyte composition,
there is also hardly any evidence for a solid electrolyte
interphase.[6f,20]

Information on 2G dynamics in sodium t-GICs

To further elucidate the storage mechanism and get informa-
tion about the 2G dynamics within the graphitic lattice,
exchange experiments of proton magnetization (2D 1H-1H EXSY
NMR) were performed for the sample S:0.01V. Clear off-diagonal
signals are observed in such an experiment recorded with a
mixing time of 0.1 s. The presence of off-diagonal signals in this
experiment can be ascribed to a magnetization transfer effect
between distinct proton positions under the effect of nuclear
dipolar couplings, or by the physical exchange between both
environments during the mixing time of the experiment. If the
exchange signals are induced by physical exchange of atoms or
molecules, their rate is expected to decrease at lower temper-
atures as this is a mechanism determined by an activation
energy. On the contrary, the observed exchange rates shown in
Figure 5b) reveal faster exchange rates at lower temperatures
(0 °C). This agrees with an homonuclear spin diffusion mecha-
nism, as dipolar interactions are generally stronger at lower
temperatures where dynamics are reduced. This result shows
that the sodium ions diffuse together with 2G molecules rather
than hop between different molecules (within the time frame
of the experiment, here 0.1 s). A schematic representation of
the mechanism is shown in Figure 5c). To the best of our
knowledge this mechanism was not reported before and gives
new insights into the storage mechanism and mobility of
sodium ions co-intercalated in a graphitic lattice.

Comparison between 2G, 3G and 5G as an electrolyte solvent

Apart from 2G, also other solvents in the series of linear glymes
can be used to co-intercalate sodium ions in graphite and have

Figure 3. 1H single pulse MAS NMR spectra of co-intercalated sodium ions in
graphite stopped at different states of charge, the voltage profile is
displayed in Figure 1.
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been studied by various methods.[3b,5,6d,e,j] However, a systematic
study by ss-NMR on the effect of different glymes is lacking so
far. 3G and 5G have opposing properties in the series of
glymes, as they are proposed to have the most unfavorable
coordination (3G) as well as a favorable coordination (5G). In
the case of 5G, the number of oxygen atoms is the same
compared to two 2G molecules and 2G is known to show a
good cycling performance.[3b,5,6i–m,21] Electrochemical cycling for
3G and 5G has been performed at elevated temperatures
(60 °C) as otherwise no sufficient cycling is possible, which
might result from a bad solvation in the case of 3G and a high
viscosity of the 5G.[6e] The corresponding cycling curves can be
found in the Supporting Information in Figure S6. 5G shows a
similar discharge capacity and voltage profile compared to 2G
with an additional small plateau at 0.12 V. In contrast, the
voltage profile of the 3G cell does not show a clear plateau at

all and just exhibits capacities of around 80 mAhg� 1 (around
100 mAhg� 1 are obtained for 2G and 5G). It was found that the
reaction is kinetically, not thermodynamically controlled, and
its poor behavior might originate from an unfavorable
coordination.[6e]

Similar to the results from 2G, different proton species can
be seen in the 1H NMR spectra recorded for the ex situ samples
of fully co-intercalated glymes (see Figure 6a). This can be
correlated to the solvent molecules solvating sodium ions
(type I) and non-solvating electrolyte molecules (type II) in the
graphite. The third species, non-solvating electrolyte out of the
graphite, is not visible for every electrolyte, which might be
because cells with 3G and 5G had to be cycled at elevated
temperature. Interestingly, the peaks for both type I and II in
the 3G sample are about 1.6 times broader than in the 2G case
(5G 1.1 times broader than 2G) indicating a slower intrinsic

Figure 4. a) 23Na MAS NMR spectrum from fully intercalated sodium ions in graphite using 1 M NaOTf in diglyme as electrolyte. b) Schematic representation of
the different sodium species. c) 23Na MAS NMR spectra of co-intercalated sodium ions in graphite stopped at different states of charge, the voltage profile is
displayed in Figure 1.
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mobility of the intercalated 3G molecules as compared to 2G
and 5G. This cannot be correlated to the viscosity of the
solvent, as it is the highest for 5G.[6e] In contrast, it can be
ascribed to a sterically hindered movement of the [Na(3G)y]

+

complex in the graphitic lattice, which could be explained by
either an under- or overcoordination of the sodium ion with
one or two 3G molecules, respectively.[3b,6d]

23Na single pulse experiments at RT are presented, next to
others, in Figure 6b) and further analyzed (line deconvolution)
in Figure S7, proving that sodium ions with two different local
environments are present in the 3G and 5G samples as well.
They can be assigned to sodium ions co-intercalated into the
graphitic structure (type I see Figure 4) and sodium ions at free
electrolyte not experiencing the local environment of graphite
(type II), and therefore existing outside of the graphitic
structure. A high ratio between intercalated and non-interca-
lated sodium ions for all different glymes indicate the
successful co-intercalation of sodium ions with all glymes. It
has to be mentioned that a quantitative comparison between
the different glymes is not possible in this case. Therefore, no
conclusions can be drawn between the discharge capacity
(amount of intercalated sodium ions) and the peak area. The
peak shifts vary slightly depending on the electrolyte used, a
similar phenomenon has been also observed in liquid NMR of
the pure electrolytes (see Supporting Information Figure S5)
and can be assigned to the different solvent effects in the
electrolyte.[22]

1H-23Na cross polarization (CP) NMR experiments have been
performed to study the interaction between the glymes and

the coordinated sodium ions. The CP experiments obtained at
different temperatures as well as the corresponding single
pulse experiments are plotted in Figure 6b). No signals were
observed for 1H-23Na CP spectra of 2G and 5G at RT. The lack of
CP magnetization transfer is ascribed to the presence of rapid
local oscillations that effectively average out heteronuclear
interactions. We therefore conclude that rapid movements of
2G and 5G molecules around sodium ions exist at RT. Reducing
the temperature to � 30 °C is necessary to stop these motions
resulting in the observation of a CP signal at around � 9 ppm
(2G) and two signals at � 7 ppm and � 13 ppm (5G). Gotoh
et al. exhibited a similar mobility behavior for chemically
synthesized t-GICs with 2G as electrolyte solvent, showing a
high mobility of the 2G molecule around the sodium ion at RT,
with the central oxygen atom of the 2G weakly coordinated to
the sodium ion. At low temperatures (below � 40 °C) the 2G
molecules are coordinated rigidly to the sodium ion.[18] A
splitting up from one signal at around � 9 ppm at RT to two at
� 7 ppm and � 12 ppm at � 30 °C for 5G is also visible in the
single pulse 23Na. This peak split can be possibly explained by
the fact that dynamic processes are hindered at low temper-
atures and therefore results in a better visibility of two distinct
sodium sites. For 3G the transfer of magnetization is already
visible at RT indicated by a CP signal at � 10 ppm. This can be
referred to a hindered motion of the 3G molecule around the
sodium ions, probably due to an unfavorable coordination or a
reduced interlayer distance. A similar phenomenon, with visible
interactions already at RT, is also apparent for co-intercalated

Figure 5. a) Exchange NMR experiments of proton magnetization (EXSY) of fully intercalated sodium ions in graphite using 1 M NaOTf in diglyme as electrolyte
at 0 °C and 0.1 s mixing time. b) Relative intensity related to the mixing time for the EXSY experiment at room temperature (RT) and 0 °C. c) Schematic
illustration of the mechanism gained through the EXSY experiments.
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lithium ions (see Supporting Information Figure S3c), which
might result from a smaller ion size of the lithium ion.[1a]

In addition, 1H-13C CP experiments have been performed to
gain information about the dipole-dipole interactions between
solvent protons and carbons at the graphite for the different
glymes (see Figure 6c). Peaks at ~72 ppm and ~61 ppm can be
correlated to the methylene group (CH2) and methyl (CH3)
group in the glyme molecule, respectively. They are visible for
all different glymes at RT, however showing various line
broadenings due to differing viscosities of the glyme
molecules[6e] and therefore different mobilities. At � 30 °C they
exhibit an additional broadening, the extent of which depends
on the type of glyme. For 5G, no peaks are visible anymore as
the movement of the larger 5G molecule is so slow, that the
signal disappears in the baseline due to severe line broadening.

The presence of a 13C CP signal in Figure 6c) at around 122–
124 ppm indicates a 1H to 13C heteronuclear dipolar interaction
of the glyme molecules (the only source of protons in the
sample) with the 13C isotopes of the graphitic lattice. Such
correlation is not visible for 2G and 5G at RT, proving a high
mobility of those molecules in the graphitic lattice. The result
for 2G is in line with the outcomes from Leifer et al., indicating
a high mobility of the [Na(2G)y]

+ complex at RT.[8] However,
reducing the temperature to � 30 °C a 1H-13C CP signal is

observed, that proves a restricted mobility at such low temper-
atures. 5G shows a similar behavior as it has the same number
of oxygens compared to two 2G molecules. Therefore, a similar
interaction/dynamic behavior between graphite and the
glymes is expected. In contrast to 2G and 5G, an interaction
between graphite and 3G (signal at 124 ppm) can already be
seen at RT (similar as for the co-intercalation of lithium ions see
Figure S3d). This clearly shows that the mobility of the [Na-
(3G)y]

+complex inside the graphitic lattice is already limited at
RT, in agreement with the 1H NMR results. Slower diffusion
rates for the [Na(3G)y]

+ complex compared to a [Na(4G)y]
+

complex were also found by Seidl et al.[6d] A lower mobility of
the [Na(3G)y]

+ complex might be explained by an unfavorable
coordination of the sodium ion (either over- or under-
coordination).

Conclusion

ss-NMR has been used to study the local interactions of sodium
ions in t-GICs with 2G as the electrolyte solvent at different
SOCs. 13C NMR measurements revealed that the solvation
structure and local interactions between the graphene layers
and the sodium ions change depending on the SOC. At low

Figure 6. Investigation of fully intercalated sodium ions in graphite using 1 M NaOTf in diglyme (2G), triglyme (3G) and pentaglyme (5G) as electrolyte. a) 1H
single pulse spectra, b) 1H-13C cross polarization (CP) spectra (RT and � 30 °C), c) 23Na single pulse as well as 1H-23Na CP spectra (RT and � 30 °C).
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levels of sodiation it appears that a co-existence of one and
two 2G molecules per sodium ion is visible, whereas at high
levels of sodiation the coordination of two 2G molecules is
favored. However, other factors might also influence the shift
of the 13C NMR signal. Solvating as well as non-solvating 2G
molecules between the graphene layers have been found using
1H NMR. In addition, 2G and the [Na(2G)y]

+ complex are more
mobile at higher levels of sodiation. 23Na experiments confirm
the phase change at the plateau region, measured already by
other techniques. 2D 1H-1H EXSY experiment helped to get a
further understanding of the transport mechanism. As an
important finding, intercalated sodium ions stick to their 2G
molecule(s) and do not hop between different molecules. In
addition, 3G and 5G have been also used as electrolyte solvent
and differences in the mobility have been found for those. 1H
as well as cross polarization experiments revealed that 3G as
well as the [Na(3G)y]

+ complex have a reduced mobility
compared to 2G and 5G. In addition, for 3G an increased
interaction between the graphene layers and the solvent
molecules as well as the sodium ions and the solvent molecules
is visible already at RT. In contrast, those interaction only
appear at � 30 °C for 2G and 5G. Overall, the use of 2G leads to
t-GICs with the highest mobility of the intercalated species. This
means this solvent is most favorable in case of high-rate
applications.

Experimental Section

Electrochemical measurements for ss-NMR

Electrochemical measurements for ss-NMR were conducted in a
2-electrode set-up (CR2032 coin cells by MTI Corp.) with the pure
graphite (MTI Corp.) as working electrode and sodium (BASF) or
lithium (Rockwood Lithium) as counter electrode. Pure graphite
powder was used to avoid influences from a binder material on the
ss-NMR results. Galvanostatic charge and discharge experiments
with potential limitation (GCPL) experiments were performed with
a rate of 0.1 C (11 mA/g) in a voltage range of 0.01–2 V vs. Na+/Na
and 0.1–2 V vs. Li+/Li. The lower cut-off potential was limited to
0.1 V in the case of lithium to avoid the formation of an additional
plateau slightly below 0.1 V, which might result from the formation
of binary graphite intercalation compounds. Measurements with
2G were conducted at RT, experiments with 3G and 5G were
conducted in an oven (Binder KB 53) at 60 °C. A BCS 805 was used
as battery cycler. One initial cycle was performed before the cells
were stopped at the specific voltage in the second cycle. Unless
otherwise specified the cells were opened in an argon-filled
glovebox (MBraun), the graphite powder was removed and packed
tightly until the ss-NMR measurements were performed to avoid
evaporation of the solvent. For further information on the experi-
ments on drying the reader is referred to the Supporting
Information.

Electrolyte

1 M NaOTf (purity >98.0%, TCI) in diethylene glycol dimethyl ether
(diglyme, 2G), triethylene glycol dimethyl ether (triglyme, 3G) (both
purchased from Sigma-Aldrich), and pentaethylene glycol dimethyl
ether (pentaglyme, 5G) (Nippon Nyukazai Co., Ltd.) and 1 M LiOTf

(99.995% trace metal basis, Sigma-Aldrich) in 2G have been used
as electrolyte.

ss-NMR experiments

If not otherwise specified, Magic Angle Spinning Nuclear Magnetic
Resonance (MAS NMR) experiments were performed using a Bruker
Avance III 500 spectrometer equipped with a standard 2.5 mm
probe. Spectra were recorded at an MAS frequency of 10 kHz. 23Na,
7Li spectra were referenced to 0.1 M LiCl and 0.1 M NaCl solutions.
13C and 1H spectra were referenced indirectly to a solid adamantane
sample resonating at 38.48 ppm and 1H bulk water resonating at
4.8 ppm. 13C experiments were recorded using a Hahn Echo
experiment with a 90° pulse of 2.5 μs and a recycle delay of 15 s
with 3649 to 15890 scans. 1H experiments shown in Figures 2 and 3
(Na/2G) were recorded using single 90° pulses of 4.7 μs and a
recycle delay of 3 s. For 1Hexperiments shown in Figure 6 and
Figure S3 (Na/3G, Na/5G and Li/2G) the pulse length was 1.9 μs
and the recycle delay 5 s. 23Na 1D experiments were obtained
accumulating 52 to 800 scans and single 1.3 to 1.5 μs pulses with a
recycle delay of 3 to 5 s. 7Li 1D experiments were obtained
accumulating 16 scans and single 2.4 μs pulses with a relaxation
delay of 20 s. The 1H-13C CP spectra were obtained using 1.0 to
2.0 ms mixing time, a 2.5 μs 1H pulse and 3 to 5 s recycle delays
with 1215 to 46297 scans. The 1H-23Na CP spectra were obtained
using 2 ms mixing time, a 2.5 μs 1H pulse and 3 to 4 s recycle
delays with 200 to 16720 scans. The 1H-7Li CP spectrum was
obtained using a 1 ms mixing time, a 2.5 μs 1H pulse and 3 s
recycle delay with 64 scans. EXSY (2D EXchange SpectroscopY)
experiments were performed using a standard three-pulse se-
quence with mixing times specified in each experiment.

For the investigations of the drying phenomena, shown in the
Supporting Information (Figure S1), 13C MAS NMR experiments
were performed at 9.4 T using a Bruker 400DNP Ascend spectrom-
eter equipped with a 4.0 mm probe. Spectra were recorded at an
MAS frequency of 10 kHz. Spectra were referenced to a solid
adamantane sample resonating at 38.48 ppm. 13C Hahn-echo
experiments were obtained using 90° pulses of 5.0 μs with a
recycle delay of 15 s and 4715 to 4869 scans. Samples were diluted
with either MgO powder or glass fiber separator to enable sample
spinning.

Liquid 23Na NMR spectra were performed at 9.4 T using a Bruker
400DNP Ascend spectrometer equipped with a 5 mm broadband
probe. 1 M NaCl was used as a standard solution for 23Na (0 ppm).
Experiments were obtained using 90° pulses of 71 μs with a recycle
delay of 4 s and 64 scans.

Spectra were plotted and deconvoluted using the TopSpin and the
Dmfit[23] software.
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