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In Situ Pore Formation in Graphite Through Solvent
Co-Intercalation: A New Model for The Formation of Ternary
Graphite Intercalation Compounds Bridging Batteries and
Supercapacitors

Gustav Åvall,* Guillermo A. Ferrero, Knut Arne Janßen, Moritz Exner, Youhyun Son,
and Philipp Adelhelm*

For Li-ion and Na-ion batteries, the intercalation behavior of graphite anodes
is quite different. While Li-ions intercalate, Na-ions only co-intercalate with
solvent molecules from the electrolyte solution leading to ternary graphite
intercalation compound (t-GIC) formation along with an expansion of the
graphite interlayer spacing to 1.2 nm. This large interlayer spacing represents
a micropore with parallel slit geometry. Little is known about t-GIC formation,
but it is commonly believed that throughout the reaction the ion is
accompanied by either a full or partial solvation shell. Here, it is elucidated for
the first time, using two independent methods – mass measurements and
electrochemical impedance spectroscopy – supplemented by operando
microscopy, entropymetry and simulations, that the storage mechanism is far
more complex. A new model for the electrochemical solvent co-intercalation
process is proposed: As soon as solvated ions enter, the graphite structure is
flooded with free solvents, which are subsequently replaced by solvated ions.
Close to full sodiation, few free solvents remain and structural rearrangement
take place to reach the full storage capacity. Thus, t-GICs represent a unique
case of switchable microporous systems and hence appear as a bridge
between ion storage in the bulk phase and in micropores, i.e., between
batteries and supercapacitors.
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1. Introduction

Electrochemical solvent co-intercalation
reactions for rechargeable batteries have
gained great attention in recent years af-
ter reversible sodium intercalation was
accomplished in ordinary graphite us-
ing glyme-based electrolytes.[1] Although
these systems so far show extreme vol-
ume expansion[2] and lower energy den-
sities, they do offer far superior cycla-
bility and enhanced charge transfer ki-
netics compared to conventional lithium-
ion and sodium-ion batteries (LIBs and
SIBs).[3] Even though several papers
have been published over the last years
analysing the effect of different sol-
vents and salts,[1,2b,4] as well as the
reversible reaction having been identi-
fied for TiS2,[5] some interesting funda-
mental questions have been unresolved
such as how such a seemingly bulky
and extreme reaction where the graphite
undergoes a lot of mechanical stress
can be reversible and fast, and how it
can in some instances be energetically
favourable over ordinary intercalation

reactions. Already in the 1970s’ the first articles on electrochem-
ical solvent co-intercalations were published, with a focus to-
ward material synthesis and primary energy storage applications,
and several of those articles attempted to pinpoint the exact sto-
ichiometry of what was being intercalated.[6] But, solvent co-
intercalation was also of interest since the early 1990s’ with re-
gards to solid electrolyte interphases (SEI). Following the detec-
tion of small amounts of co-intercalated solvents in several car-
bonate based electrolytes, solvent co-intercalation constitutes the
initial step in the SEI formation process in one of the two leading
theories on SEI formation mechanism,[6c,7] even in electrolytes
without glymes or propylene carbonate (PC) present.[8] Solvent
co-intercalation is also a process of interest in the fields of elec-
trical double layer formation and in confined electrolytes as the
capacitance of an electrode grows greatly once the solvation shell
and pore size becomes similar, and there is a continuous transi-
tion from non-Faradaic to Faradaic charge storage as the solvation
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shell becomes more and more confined.[9] Variations in the pore
structure may further impact the storage mechanism and diffu-
sion behaviour that further supports the fact that ion storage on
the nanoscale can be a very complex process.[10] Reactions with
reversible solvent co-intercalation seem to occur when the inter-
layer spacing of the host material is of similar size to the solvation
shell, thus being an intermediate between double layer capaci-
tors and batteries. Therefore, properties typical of both batteries
and electric double layer capacitors are observed when such reac-
tions occur.[3,9c,11] Thus, electrochemical solvent co-intercalation
seems always present, leading to either successful SEI formation
and subsequent intercalation of only bare ions, or in rare cases to
reversible solvent co-intercalation.[11a] Therefore there is a broad
interest in understanding this process and what enables it.

Even though many papers have recently been written about
reversible solvent co-intercalation since the original papers in
2014,[1] the stoichiometry of the reaction is still unknown and
under debate. Considering an electrolyte composed of an ether
solvent (in particular glymes) and a sodium salt, the reaction with
graphite has been expressed by many authors as:[1a,6a,c,7c,12]

[
Na : Gx

]+ (l) + C20 (s) + e− → NaGyC20 (s) + Gz (l) , x = y + z (1)

where G denotes a glyme molecule (diglyme (G2) the most in-
vestigated solvent), x is the number of glymes in the solvation
shell, y the number of glymes coordinating the sodium inside
the graphite and z are the number of glymes removed from the
solvation shell during the reaction (also denoted “free” glymes).
In practically all the cells assembled and reported on, the elec-
trolyte solution was used in excess. This means that the carbon
is the limiting reagent (typically ≈100 μL of electrolyte and ≈5–
10 mg cm−2 graphite), making it possible to determine the ratio
of carbon per Na+ from the specific capacity.[1a] There is, however,
no consensus on the number of glymes involved in the reaction.
Two general schools of thought, however, can be identified: Par-
tial desolvation (the process of removing solvents from the sol-
vation shell) occurs in the reaction with x ≠ y; or no desolvation
occurs with x = y, and z = 0. To date, only a few papers have
provided measurements on the number of solvents involved in
electrochemical co-intercalation reactions.[2b,5b,6,13] For a sodium
system with G2 as solvent, Kim et al. showed energy-dispersive X-
ray spectroscopy as well as mass measurements where the mass
change of the electrode at different voltages is compared with
the pristine electrode mass.[2b] Based on their results, a G2:Na+

ratio of 1 was determined. As a favourable coordination num-
ber ≈6 is often reported for Na+,[14] the solvation shell is ex-
pected to consist of two G2 molecules, thus supporting the the-
ory of partial desolvation.[2b] In either case, the prevailing model
of solvent co-intercalation so far is that there is a constant reac-
tion over the whole potential range where an ion either brings
along its full or partial solvation shell. This, however, is in con-
flict with several experimental observations: i) Nuclear magnetic
resonance (NMR) measurements do not report a linear increase
in the signal from solvent molecules within the graphite with
the state of sodiation (SOS), as recently reported by Escher et al.,
and free glyme molecules inside the graphite interlayer spacing
were also detected,[15] ii) X-ray diffraction (XRD) clearly shows
evidence of staging, yet the voltage profile does not display a se-
quence of plateaus, but instead a single one where additional so-

diation of the stage I compound occurs,[1] and clear pseudocapac-
itive features,[16] and iii) the macroscopic expansion observed in
operando electrochemical dilatometry (ECD) does not correlate
to the staging and expansion observed in XRD and changes with
the SOS.[1b,17]

Herein we address the conundrum on the number of glymes
electrochemically co-intercalated into the graphite host structure
for monoglyme (G1) or G2 as the electrolyte solvents. By using
several independent methods, we show that the reaction Equa-
tion (1) is too simple and inaccurate to describe the solvent co-
intercalation process of glymes into graphite. We detect that the
reaction changes drastically depending on the voltage, or SOS, in
line with the results observed by ECD, XRD and the overall shape
of the voltage profile, and also by the NMR studies that have re-
ported on the presence of free glymes in the graphite.[15] We re-
visit the so-called mass difference experiment, which was carried
out in previous studies, both recently and historically, and show
that there is a systematic error in the measurement procedure
due to a previously unknown instability of the system. Instead,
we present an improved experimental protocol for the measure-
ment of these mass changes to determine how many glymes are
involved in the reaction. In addition, we have used in situ elec-
trochemical impedance spectroscopy (EIS) to support the results
from the mass measurements. Furthermore, these findings were
also confirmed by means of entropymetry, to track changes in en-
tropy of the system, and by operando microscopy to observe and
follow the structural and color changes of the graphite electrodes.
Finally, ab initio simulations were used to complement the exper-
imental techniques. To conclude, we present a new model to de-
scribe the behavior of this system that is consistent with existing
experimental results.

2. Results and Discussion

The common view on co-intercalation reactions is, that the num-
ber of co-intercalated solvent molecules per ion is always the
same, irrespective of the state of charge.[2b,5b,6,13a,b] However, this
is only a hypothesis and actually poorly supported by experimen-
tal data. As stated above, it is even unclear whether the complete
or only parts of the solvation shell are co-intercalated. In an at-
tempt to provide better experimental evidence, we have used sev-
eral independent methods. In the following, we show that none
of the methods is in support of this hypothesis and that a new
model for the co-intercalation mechanism is required.

The co-intercalation reaction should lead to several mea-
surable effects that can be used to study the amount of co-
intercalated solvent molecules. First, if always the same num-
ber of solvent molecules are co-intercalated, there must be a lin-
ear mass increase of the electrode over time. Second, the co-
intercalation of solvent molecules reduces the number of solvent
molecules in the electrolyte solution. This means that the elec-
trolyte salt concentration and hence its conductivity changes. The
latter can be measured by EIS. The removal of solvent molecules
from the electrolyte phase also causes a third effect, which is a de-
crease in electrolyte volume that can cause the cell to dry out. A
systematic variation of the solvent volume should therefore allow
the determination of how much solvent is co-intercalated.
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2.1. Mass Measurements

In early articles on solvent co-intercalation it was assumed that
either a partial solvation shell with one G2 molecule, or a full sol-
vation shell with two G2 molecules are co-intercalated with each
Na+ into graphite.[1a,2b] This was motivated by the coordination
number of Na+ that is typically reported to be 6.[14] Considering
the general stoichiometry of the compound [Na:G2x]C20 with a
maximum specific capacity ≈110 mAh g−1

(graphite), the mass ra-
tios of the solvated ions ([Na:G2x]) and the mass of graphite are
0.56 for x = 1, and 1.12 if x = 2. Therefore, by simply compar-
ing the mass of the graphite electrode before and after sodiation,
it should be easy to determine x, the glyme:Na+ ratio.

As this approach appears quite straightforward, it has been car-
ried out in several studies.[2b,5b,6,13a,b] We have reproduced some
of these studies, see Figure S1a (Supporting Information), and
indeed found a linear increase in mass indicative for x = 1.[2b]

However, the analysis is oversimplified because the electrodes
contain excess electrolyte, i.e., electrolyte on the surface and in
the pores of the electrode, needs to be considered too. The com-
mon way reported to remove the excess electrolyte is to dry the
electrodes before measuring the mass, but NMR measurements
have already revealed that large changes occur in the sample dur-
ing drying,[15a] – in fact, our analysis, using electrochemistry and
XRD, Figures S1,S2 (Supporting Information), shows that the
drying procedure removes all intercalated ions, strongly ques-
tioning the results previously reported. A comprehensive discus-
sion is provided in the Supporting Information.

To extract more accurate information out of these measure-
ments a more thorough analysis is needed. For a sodiated
graphite electrode (SOS ≠ 0), its total mass msod (measured im-
mediately when taken out of the cell) consists of three terms.

msod = m0 + mI + mexc (2)

With m0 being the mass of the pristine electrode, mI being the
mass of the intercalant, and mexc being the mass of the excess
electrolyte. In the desodiated state (SOS = 0) mdesod equals:

mdesod = m0 + mexc (3)

Now, the mass loss during the drying procedure can be due to
changes in mI and mexc:

(a) Mass loss due to diffusion of solvated ions from the t-GICs to
the surface and subsequent evaporation of solvent molecules
and/or reactions between the charged species and the envi-
ronment. The product of these processes is unknown but,
e.g., NaOH could form in case of water impurities. Reactions
with impurities can easily occur as the sodiated graphite is
strongly reducing.

(b) The solvent in the excess electrolyte will evaporate. The re-
sult of this process is a loss in solvent molecules along with
precipitation of the conductive salt (see Supporting Informa-
tion).

Thus, after drying, the measured mass is not simply the sum of
the intercalant and the pristine electrode, as previously assumed,
but instead the mass of the pristine electrode and the end prod-

ucts of processes (a) and (b). This is important since it means
that Equation (2) and (3) are only true immediately when the cell
is opened, as both mI and mexc will evolve with time as the sam-
ple dries. Different from previous approaches, we therefore con-
ducted time dependent measurement, where the mass of sodi-
ated and desodiated samples are recorded over time, Figure S3
(Supporting Information) for details.

The mass of both the sodiated and desodiated samples ini-
tially decays exponentially, corresponding to process (b). How-
ever, while the desodiated sample quickly reaches a constant
mass, the sodiated samples show a longer region characterized
by a continuous, linear mass loss before eventually reaching a
constant end value. (Figure S3, Supporting Information). As this
linear decay in mass is only present in the sodiated samples, we
ascribe it to process (a). Based on this observation, we devised
two strategies to extract the mass of the intercalant from the mass
measurement.

Mass difference method – Compare the masses of the sodiated
and desodiated samples immediately when the cell is opened to
exclude any time-dependent processes.

Extrapolation method – Extrapolate the linear decay of the mass
of the sodiated samples, ascribed to process a), to time zero. See
Figure S3 and discussion (Supporting Information) for more de-
tails.

In the G2-based electrolyte, there is a very large increase in
the mass immediately when sodiation starts (at high potentials,
i.e., low SOS), Figure 1a. The mass then increases approximately
linearly until the main voltage plateau (SOS = 0.4–0.6), where a
sharper increase in mass is seen. After this, entering the pseu-
docapacitive region, the mass change seems to stabilize. As ex-
pected, the mass of the desodiated samples is always lower than
the one of the sodiated samples, and highly dependent on the
SOS it has been cycled to, suggesting a partially irreversible effect
on the electrode. Importantly, there is a very large mass change al-
ready at low SOS which indicates that intercalating just a few sol-
vated ions is enough to cause significant structure changes, see
Figure 1a. These mass changes are then almost constant until the
plateau ends after that it starts to increase again. Figure 1a also
shows that both the mass difference method and the extrapola-
tion method exhibit similar trends. Calculating the G2:Na+ ratio
in the graphite host structure (see Figures S4–S8 and Tables S1–
S4, Supporting Information) shows, that as the first solvated ions
enter the graphite galleries, the structure is flooded with free
G2 molecules as the G2:Na+ ratio is much greater than 2, see
Figure 1b. After this, the G2:Na+ ratio in the graphite drops, pre-
sumably as free G2 molecules are preferentially replaced by sol-
vated ions, until the main plateau is reached. This plateau coin-
cides with the formation of the stage I compound[2b] and is a re-
gion with a large increase in mass (Figure 1a) and with a relatively
stable G2:Na+ ratio. Once the stage I compound is formed, the re-
action appears pseudo-capacitive and the G2:Na+ ratio decreases,
i.e., free solvent molecules are again replaced by solvation shells.
Finally, at 0.15 V versus Na+/Na, where an ordering takes place
(observed in XRD and reported as an in-plane superstructure),[2b]

there seems to be a small increase of the G2:Na+ ratio. This indi-
cates that new room has been created in the expanded graphite
lattice that is again filled with solvated ions. The final stoichiom-
etry of the compound is consistent with fully solvated ions [Na:
G22]C20 in addition to some free solvents inside the graphite, i.e.,
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Figure 1. Mass measurement results. a) Weight change of electrodes immediately after cycling (dashed yellow) in 1 M NaPF6 in G2 to different states of
sodiation (SOS), results for the desodiated control samples (dashed purple) and mass changes due to the intercalant calculated with the mass difference
method (black) and the extrapolation method (magenta). b) The number of G2 per Na+ in graphite calculated by the mass difference method (black)
and the extrapolation method (magenta), as well as the voltage profile (yellow). Error bars were calculated with the standard formula for propagation of
errors from the mass measurements.

slightly more than 2 G2 per Na+, as has been suggested in NMR
studies.[15] Similarly, in a G1 based electrolyte there is a large
mass change at the initial stages of sodiation that correlates to a
large G1:Na+ ratio, Figure S8 (Supporting Information), showing
that this feature is not exclusive for G2. Nevertheless, the G1:Na+

varies less than the G2 counterpart with a final stoichiometry
slightly higher than [Na: G13]C20, i.e., fully solvated Na+ with
some free G1. Most importantly, while the capacity for both elec-
trolytes is identical, the amount of solvent being co-intercalated
is different and is a function of the SOS, and the final stoichiome-
tries appears to be consistent with fully solvated Na+ in addition
to some free solvents in the graphite structure. At low voltages,
and similarly to the G2, there seems to be some sort of structural
rearrangement also in the G1-based electrolyte allowing more
glymes to enter the structure. Even though the reproducibility of
the data is high, we found the uncertainty in the weight changes
to be within ±5.9%, we refer the reader to a detailed discussion
of errors in the Supporting Information.

We draw several conclusions from these mass measurements:
i) In contrast to the existing belief, the G2:Na+ ratio (and more
generally the glyme:Na+ ratio) is not constant throughout the in-
tercalation reaction but changes dramatically during sodiation.
ii) Graphite is flooded with free glyme molecules as soon as the
first solvated ions enter the structure. iii) In the fully sodiated
state, the glyme:Na+ ratio is slightly higher than 2 for G2 and 3
for G1, i.e., the graphite is mostly filled with solvated ions but
there is also free solvents left inside the graphite, as reported in
several NMR studies.[15]

Overall, these findings clearly show that the existing view
on how solvent co-intercalation reactions with graphite take
place needs to be reconsidered. We therefore applied several
more methods to understand and corroborate the reaction
mechanism, eventually enabling us to suggest a new reaction
model.

2.2. Electrochemical Impedance Spectroscopy (EIS)

In normal intercalation batteries, the amount and composition
of the electrolyte is constant because formally only ions are shut-
tled between the electrodes. This is not the case when solvent
co-intercalation occurs. Co-intercalation of solvent molecules

during sodiation of the graphite causes a decrease in the amount
of solvent in the electrolyte phase (the opposite occurs during
desodiation). This means that the electrolyte volume and con-
centration change during cycling. This effect can be clearly seen
when working with highly concentrated electrolytes,[25] or when
limiting the electrolyte volume, as the reaction can suddenly
stop when the cell dries out (vide infra, Figure S11, Supporting
Information). The degree in volume and concentration change
depends on how many glymes are involved in the redox reaction
and on the initial electrolyte to electrode ratio. Knowing the ini-
tial salt concentration, the electrolyte volume used and the mass
of the active material, the number of glymes involved in the re-
actions can be deduced if the salt concentration of the electrolyte
can be monitored during cycling. We therefore used in situ EIS
for determining the bulk resistance of the electrolyte by analyzing
the high frequency region of an impedance spectrum. This resis-
tance is related to the conductivity of the electrolyte and is hence
sensitive to changes in the salt concentration. Since standard mo-
lar concentrations (1 M) lead to small resistance variations that
cannot be monitored with enough precision, we selected very
low starting concentrations where the conductivity is low due to a
lack of charge carriers and the changes are more intense. The ini-
tial resistance was measured for different initial concentrations
(0.05–0.15 M), showing a very strong and clear concentration
versus resistance trend, Figure 2a and Figure S10 (Supporting
Information), enabling a resistance from an EIS measurement
to be mapped to the electrolyte concentration for various SOS. By
knowing the initial molar salt concentration of the electrolyte, the
amount of glymes inside the graphite can be calculated. Doing
so for three G2-based electrolytes, with starting concentrations of
0.075, 0.1, and 0.125 M, we observed a large drop in the resistance
at the beginning of sodiation and on the plateau, Figure 2b. This
analysis shows that there is a large amount of G2 molecules enter-
ing the graphite immediately at the start of sodiation and on the
main plateau, Figure 2c, while there is a net flow of G2 molecules
out of the graphite in the pseudocapacitive voltage region. Com-
puting the G2:Na+ ratio, Figure 2d, shows that there are many
more solvents in the graphite at low SOS than fits in the solvation
shell of the thus far intercalated sodium. The G2:Na+ ratio then
decreases until the plateau is reached where the ratio becomes
constant, or possibly increasing a bit, after that it declines sharply
again.
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Figure 2. EIS measurement results. a) Calibration data used to map a resistance to a concentration. b) Bulk electrolyte resistance of a G2 based elec-
trolytes as a function of sodiation for electrolytes with 0.075, 0.1, and 0.125 M NaPF6. c) The mols of G2 in graphite as function of mols of Na+

intercalated. d) The overall G2:Na+ ratio inside of graphite.

Thus, the impedance measurements corroborate the results
of the mass change measurements, and the same conclusions
can be drawn: The reaction changes drastically depending on the
state of sodiation and the graphite appears to be flooded with gly-
mes as soon as sodiation starts. The glyme:Na+ ratio then drops
as free glymes are preferentially replaced by solvated ions until
the main plateau where again there is a huge flux of glymes into
the graphite, see Figure 2c,d. In the pseudocapacitive region, the
reaction starts to stabilize and the final ratio of G2:Na+ is ≈2–3,
indicating that the Na+ in the graphite is fully solvated with some
free solvents remaining.

One might argue that the large change in masses measured
in the mass measurement analysis can be caused not by glymes
entering between the graphite layers, but instead due to the elec-
trolyte solution filling into the graphite expanded surface. The
impedance measurements, in good agreement with the mass
measurements, rule out this possibility. Since these measure-
ments are sensitive to the bulk electrolyte resistance, the ratio of
glymes to salt is detected in-situ. If the graphite was being filled
with electrolyte, the overall concentration in the electrolyte would
not be altered. Increases in the electrolyte concentration can only
be caused by a preferential removal of solvents.

2.3. Alternative Methods

2.3.1. Glyme Limited Cells

In lab experiments, usually far more electrolyte is used in stan-
dard coin cells (100 μL) than what is needed to fully sodiate the
graphite through the co-intercalation reaction and hence in a

standard setup the graphite is the limiting reagent, i.e., the redox
reaction ends when there is no carbon left to react. Thus, when
normalizing by the graphite mass, similar specific capacities are
found from which the amount of carbon atoms involved in the
reaction can be determined. If instead, the glyme is the limiting
reagent it would be possible to deduce the amount of glymes in-
volved in the reaction. To study this, we constructed two different
types of setups, see Supporting Information for details, where the
glyme is the limiting reagent. In the first setup, the electrolyte
volume is maintained constant for different salt concentrations
while in the second one the volume added is varied for a defined
initial salt concentration. In the case of G1, both methods showed
that ≈3.2 G1 molecules are co-intercalated along with each Na+,
Figure S12 (Supporting Information), which supports our previ-
ous findings that again at full sodiation, the Na+ is not only fully
solvated by glyme molecules but there are also small amounts of
free solvents present. Similar experiments with G2 based elec-
trolytes did not produce any trustworthy results, see Supporting
Information for discussion.

2.3.2. Entropymetry

Recent articles have highlighted how entropymetry can be used
to study structural changes in the electrode as well as changes in
electrolyte composition.[26] In a normal half-cell setup, changes
in entropy ΔS can be ascribed to changes in the number of possi-
ble lattice configurations of the intercalated ions in the electrode.
As such, structural transformations can be monitored as a func-
tion of SOS by simple temperature-dependent electrochemical
measurements using a climate chamber. For these experiments,
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Figure 3. Results from entropymetry a) Comparison of the potential with the entropy variation and the G2:Na+ ratio from the mass difference measure-
ment.

the cell is paused at fixed intervals and the changes in OCV are
measured with the temperature variation, see Supporting Infor-
mation for details on the procedure. We monitored the changes
in entropy at different SOS achieved by intercalating sodium at
low current densities (10 mA g−1). The change of OCV during
the temperature change was then used to calculate the entropy
change. All the experiments were made in a half-cell configu-
ration with Na-metal as reference and counter electrode. In or-
der to discard the contribution of sodium, the entropy of the
sodium metal was subtracted from the final result.[27] Normally,
as discussed, in such a setup the entropy variations are only due
to changes in the electrodes. This, however, relies on solvation
and desolvation happening simultaneously and is hence not true
when solvent co-intercalation occurs. As the desolvation step is
missing for co-intercalation reactions, these measurements will
be sensitive to entropy changes in the electrolyte as well as the
electrode. In symmetrical cells, where the two electrodes are in
contact with different electrolytes, Wang et al. were able to mea-
sure the relative entropy changes between the electrolytes due
to solvation effects, showing that entropy changes in the elec-
trolyte are orders of magnitude larger than the entropy changes
in the electrodes.[26b] This is not surprising, given that the elec-
trodes are crystalline structures and hence there are a lot fewer al-
lowed configurations of atoms compared to a liquid. Thus, the en-
tropy changes measured for the co-intercalation reaction should
be dominated by the entropy changes in the electrolyte.

Figure 3 displayed the variation of the entropy when sodiated
along with the capacity profile, while the lines mark the change
in staging obtained by XRD when using G2 as solvent.[2b] There
is a huge increase in the entropy change at the beginning of so-
diation, as well as on the plateau, where the mass measurements
and impedance measurements show that a large amount of gly-
mes are entering the graphite. As the graphite is being opened
by the solvated ions, they also open the graphite structure for
free solvents to enter. Thus, the available volume for free solvents
increases, i.e., the microstate in the liquid is available just as be-
fore, but there are now also possible microstates for solvated ions
and free solvents inside the graphite lattice causing a huge rise in
entropy, here detected as large positive value of ΔS. In the pseu-

docapacitive region where the impedance measurement shows
a constant resistance, the ΔS ≈ 0 indicates there is no change
in available microstates. At this point, both XRD and dilatome-
try shows that the graphite is fully opened, and hence no new
space for solvated ions and free solvents can be created.[2a,b,17a] At
0.15 V versus Na+/Na there is a quick jump in the ΔS value and
then it becomes negative. A negative ΔS shows that the available
microstates are decreasing, which here coincides with a detec-
tion of a final in plane superstructure formation in XRD.[2b] As
the system is filled almost only with solvated ions, the number of
available microstates for free solvents drastically decrease as the
solvated ions take on a closer packing to reach the full capacity of
the system, see Supporting Information for detailed discussion.
Figure S13 (Supporting Information) displayed similarly the re-
sults obtained when G1 was used as the solvent. In this case, we
observed a similar increase on the entropy change at low states of
sodiations followed by a constant decrease when sodiation con-
tinues. Before the voltage plateau there is a change on the entropy
variation that can be correlated to the beginning of the stage 1. Af-
ter that, and similar to the mass analysis, there is a constant drop
on the entropy calculated.

2.3.3. Color Evaluation

It is well known that when Li+ is intercalated into graphite it alters
the band structure, which in turn changes the optical properties
of the material turning it golden orange at full lithiation.[28] Sim-
ilarly, there should be substantial changes to the band structure
of graphite when solvated ions are intercalated as the structure
is greatly distorted. Hence, the reaction should have a clear ef-
fect on the color of the graphite. Using operando microscopy, the
Red, Green and Blue (RGB) value of each pixel was analyzed and
tracked during sodiation and desodiation. Immediately upon so-
diation, there is a drop in intensity of all RGB values, Figure 4a
and Figure S14 (Supporting Information). We attribute this to a
large initial expansion of the graphite surface when the glyme
molecules are flooding the graphite leading to a much greater
quantity of light being absorbed per cross sectional area. After
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Figure 4. Results from optical measurements a) voltage profile with RGB values and b) with microscopy figures of the sample. c) the band structure of
[Na:G22]C32, and d) of LiC6 where the orbital contribution of carbon (blue) and Na/Li (yellow) has been projected, where the bands have been shifted
by the respective systems Fermi energy.
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Figure 5. Results from ab initio molecular dynamics a) The CM RDFs with respect to G2 (solid, red) and the PF6
− (solid, blue) as well as their SNs

(dashed lines) and the total SN (black, dashed), b) the electrical field strength at a distance from Na+, averaged over the entire sphere around G2 (solid
black) and PC (orange), as well as the interlayer binding energy of AB stacked graphite (blue). c) The electron density difference of a stage I t-GICs with
G2 with blue (decrease in electron density, more positive) and yellow (increase in electron density, more negative) 0.3 e Å−1 isosurfaces drawn. d) the
Mollweide projection of the electric field averaged along solid spherical angles of G2 (left) and PC (right), note the atoms of the solvent molecules can
be identified by the bright spots in the figures.

this initial drop in brightness, the average amount of blue in
the sample steadily increases. Once the plateau is reached, there
is a very sharp increase in blue and a decrease in red, and a
minor decrease in green, causing the graphite to turn blue in
clear contrast to orange color of LiC6, Figure 4 and Figure S15
(Supporting Information). The sample color then turns into an
even deeper blue until full sodiation is reached. The desodia-
tion proceeds in the opposite order. Similar results are also seen
when a G1 electrolyte is used, Figure S16 (Supporting Informa-
tion). Comparing the band structures of LiC6 and [Na:G22]C32,
Figure 4c,d, we see that the energy bands are much less sepa-
rated in the case of [Na:G22]C32, indicating that more red light
can be absorbed, and there is a large continuum of available
bands coming from the intercalant. Computing the optical ab-
sorbance, Figure S17 (Supporting Information), LiC6 absorbs
light in the blue region of the visual spectra, while [Na:G22]C32
has a clear broad peak in the infrared-green region, and lower
absorbance in the blue part of the visible spectra compared to
LiC6. There are also other large changes in the band structure,
for instance at the Γ-point in [Na:G22]C32 has a large band gap,
while LiC6 is almost gapless. Similarly, at the K-point [Na:G22]C32
is almost gapless, while LiC6 shows a large band gap. The Li or-
bitals also contribute significantly to the bands close to the Fermi
level (here shifted to 0 eV), while Na orbitals only contribute to
bands 1.5 eV or higher than the Fermi level, however, the oxy-
gen and hydrogen on the G2 molecules contribute to several
bands close to the Fermi level, indicating they are interacting
more with the graphite than the Na+. Although, it should also
be noted that the color changed might not be due to the pres-
ence of the solvents, as lithiated graphite also appears blue at low
levels of lithiation (≈LiC20). The color of lithiated graphite, how-
ever, has previously been reported to correlate to the staging of
graphite, but sodiated graphite turns blue first when a stage I

compound is formed, while lithiated graphite is golden at stage I
formation.[28]

In the cell setup for the operando microscopy only the edges of
the graphite electrode are in contact with the separator. Looking
at the edge region, transport toward and into the graphite during
first stages of sodiation and before the main plateau is observed.
This again shows that there is a very large flow of electrolyte vol-
ume into the graphite immediately upon sodiation. Upon des-
odiation, once on the main plateau, a flow out of the graphite
back into the separator is observed. Moreover, the breathing mo-
tion reported by Escher and Goktas et al. is very clearly seen, see
Figure S15 and Videos (Supporting Information).[2a,17a]

2.4. Theoretical Considerations

The local electrolyte structure in a 1 M NaPF6 in G2 electrolyte
was studied using Car-Parrinello Molecular dynamics. The cation
centred partial radial distribution functions (RDFs), calculated
with respect to oxygen and fluorine, but also with respect to the
centre of masses (CM) of the solvents and anions, shows that the
solvation shell is mostly composed of oxygen/solvents but there is
also a presence of fluorine/anions, Figure 5 and Figure S18 (Sup-
porting Information). The integrated RDFs shows a coordination
number of ≈6 and a solvation number (SN) of ≈2 in the G2 based
electrolyte, which is expected for Na+.[14] The SN, however, is not
static as often pictured with a stable well-formed solvation shell,
but is highly dynamic. Many solvation shells have only partially
coordinated glyme molecules, identified by the CHAMPION soft-
ware, Figure S19 (Supporting Information),[29] which can also
be seen in the CM partial RDFs were two clearly distinguishable
peaks are seen for the G2-CM, Figure 5a. This is usual in conven-
tional electrolytes as the environment around a solvation shell is

Adv. Energy Mater. 2023, 13, 2301944 2301944 (8 of 13) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. The interactions that determine whether b-GIC or t-GIC formation is possible.

Distorting lattice Graphite-intercalant interaction Intercalant-Intercalant interaction Desolvation

b-GICs Small cost Large gain Large cost No cost

t-GICs Large cost Small gain Small cost small gain

dynamic and there is often a fast exchange between the first and
second solvation shell.[14h,j,30] Comparing the CM RDFs with the
partial RDFs shows that the atomic RDFs have much more clearly
defined plateaus, while the CM RDFs are more continuously in-
creasing, showing that the first and second solvation shell are
often connected by a bridging glyme molecule that only partially
coordinate the cation. Thus, when a solvated ion is intercalated, it
is not unreasonable that it will bring along all solvents that are at
the moment coordinated to it. Moreover, as the solvent molecules
are connecting the first and second solvation shell, there is a large
interaction between them, and hence also parts of the second sol-
vation shell might move along with the first solvation shell into
the graphite. Taking the radius of the solvation shells as the fur-
thest distance between the Na+ and a hydrogen atom of a fully
coordinated G2, plus the van der Waals radius of hydrogen, a sol-
vation shell with 2 fully coordinating G2 molecules has a radius
of 5.5 Å. Note that the solvation shell is a priori larger than a
single solvent molecule, and as the interlayer distance in fully so-
diated graphite is reported to be between 11.6–11.9 Å,[2b] there
should be ample space for free solvents to move in between the
graphite layers. In fact, such a large interlayer distance can be
considered as a micropore.[31] Compared to a solvation shell with
6 PC molecules, with a radius of 8.8 Å, the glyme based electrolyte
produce significantly smaller solvation shells and hence the ex-
pansion of the graphite lattice would not have to be as severe in
G2-based electrolytes compared to PC-based, given that full sol-
vation shells are intercalated, Figure 5b. The interlayer binding
energy of graphite, however, is already close to 0 at the interlayer
distances required, and observed, when co-intercalation occurs,
see Figure 5b. This indicates that the graphite would delaminate
and fall apart at room temperature unless the sheets were held to-
gether by the intercalant. AB and AA stacked graphite are degen-
erate at these distances, Figure S18 (Supporting Information). As
both even and odd (00l) peaks are visible in XRD, graphite is able
to transform from AB stacked in the pristine state to an AA or a
combination of AA and AB stacking when reversibly intercalating
solvated ions.[2b,11b] Given that stacking is still present in the ex-
panded system, there is a translational symmetry along the c-axis
in the expanded graphite unit cell and hence the graphene sheets
are not completely free to slide relative to one another. Again,
as the interlayer binding energy at these extreme interlayer dis-
tances is ≈0, and much lower than the thermal energy at room
temperature, the fact that the structure does not delaminate, and
even keeps translational symmetry along the axis of expansion
can only be explained by it being kept together by the intercalant.
This can also be seen looking at the charge density change of
graphite with intercalated solvated ions, Figure 5c, where elec-
tron density is being pulled not only from the graphite layers
but also the hydrogen atoms (blue, negative electron density dif-
ference isosurfaces) into the interior of the solvation shell (yel-
low, positive electron density difference isosurfaces), ending up

mostly around the oxygen and carbon atoms close to the central
cation, but also some electron density moves to regions between
the graphite layers and the closest hydrogen, previously reported
by Jung et. al.[32] – This shows that the interaction between the
Na+ and the negatively charged graphite is highly indirect and is
mediated by the solvent molecules that have been polarized by
their contact with the Na+.

Expanding the structure even more to accommodate a PC-
based solvation shell would cost no additional energy, and hence
one might believe that the size of the solvation shell would not
make a difference as the structure is already expanded well be-
yond its limits. The size of the solvation shell, however, has a
strong influence on the electric field around the solvation shell;
the electric field strength is significantly larger just outside a
glyme based solvation shell, 8.5 V Å−1 in the case of G2, compared
to 3.3 V Å−1 for PC, Figure 5b. Well outside the solvation shells,
the fields are equal according to Gauss’s law, as they still only con-
tain a charge of +1. A Mollweide projection of the electric field av-
eraged along solid spherical angles, extending from the hydrogen
atom furthest from the Na+ to a van der Waals radius of hydrogen
and carbon, i.e., approximately the distance between the solvation
shell and the graphite layer, also shows that the electric field is
much stronger around the solvation shells composed of glymes
instead of PC molecules. Hence, a smaller solvation shell would
have a greater ability to hold the graphene sheets together. Thus,
for the structure to remain intact a smaller solvation shell, with
stronger electrical fields around it, is preferable, especially if the
structure is to retain its crystallinity along the c-axis. Larger sol-
vation shells would not interact as strongly with the graphite lay-
ers and the structure would risk delaminating, as observed when
PC-based electrolytes are used alongside graphite. These forces
between the graphite and the solvation shell, although necessary,
are smaller compared to the forces in normal b-GICs where the
graphite lattice is in direct contact with the cation.

For the solvent co-intercalation reaction to occur, there must be
a balance between the cost of expanding the graphite structure,
and the attraction between the graphene sheets and the solvation
shell, as well as the repulsion between positively charged solva-
tion shells, but also the gain of not expending energy in the desol-
vation process. In complete analogy with what occurs in ordinary
b-GICs, where there must be a balance between the compara-
tively small cost of expanding and distorting the graphite lattice,
the desolvation process and the attraction between the ion and
the graphite, and the repulsion between ions. Energetically, how-
ever, the reactions forming b-GICs and t-GICs are in complete
opposite, Table 1. There is a large cost for expanding the lattice,
in the case of a t-GIC, but small for a b-GIC, but in a b-GIC the
graphite-intercalation attractive forces are much larger than in a
t-GIC due to the much closer proximity of the bare ions to the
graphite sheets compared to the solvated ions. As the repulsion
between intercalated solvation shells in t-GICs is small compared
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Figure 6. New model for solvent co-intercalation. The voltage profile along with the G2 per Na+ measured with the mass experiments (circles) and EIS
(blue lines), Figures 1b and 2d, along with a schematic illustration of flooding of the graphite, the preferential replacement of free solvents by solvated
ions, and structural rearrangement into a more ordered structure. Solvation shells are encircled by dashed lines, and the coloured region in the voltage
profile matches the coloured boxes with the schematic process.

to the repulsion between bare ions in b-GICs, it has a less detri-
mental effect on the stability of the system. Finally, there is a gain
from bypassing the desolvation step in the formation of a t-GIC,
but this has no net effect on the equilibrium potential of b-GIC
formation but does influence the kinetics of the reaction.

All of these energies have to be assessed for each individual
system. But the energy difference between a t-GIC and b-GIC due
to the desolvation process is known and is equal to the solvation
free energy of that particular electrolyte. While in a b-GIC the
dependency of the redox reaction on the desolvation process is
never observed due to the simultaneous solvation process at the
counter electrode, the redox reaction in a t-GIC will be directly
dependent on the solvation free energy of the electrolyte.

2.5. Comparison and New Model for Solvent Co-Intercalation

Comparing the results of the mass measurements and the EIS
concentration measurements, Figure 6, they show the same
trend and are even in good quantitative agreement in the pseu-
docapacitive region. Together, they give a complete picture of the
entire reaction process: The first solvated ions that intercalate the
graphite open the structure causing a large interlayer spacing that
solvents flood into. As there is no electrochemical drive to interca-
late free solvents, solvated ions are preferentially intercalated and
free solvents will be ejected out of the graphite to make room for

the solvated ions and thus the glyme:Na+ ratio steadily decreases
until the plateau region. In this region, the final layers are opened
up which are again flooded by free solvents (formation of a stage
I compound), and then the process repeats where the free sol-
vents are steadily replaced by solvated ions. In the non-faradaic
region, it seems that most of the free solvents in the graphite
are ejected while the solvated ions continue to be co-intercalated
and re-arrange inside until the graphite reaches its full storage
capacity. This new model for solvent co-intercalation reactions is
illustrated in Figure 6.

3. Conclusion

By combining several independent experiments, we find that sol-
vent co-intercalation into graphite is a process that is far more
complicated than previously anticipated. By ex situ mass mea-
surements and in situ EIS we show that the number of solvent
molecules being intercalated per Na+ turns out to depend on the
state of sodiation. We observe that as soon as the first solvated
ions are intercalated, they expand and open the graphite structure
essentially making the graphite interlayer spacing a large pore
for free glyme molecules to enter. During this stage of sodiation
a very large amount of solvent molecules flood the graphite inter-
layer spacing but due to the highly charged environment, anions
are left behind in the bulk electrolyte. The free solvent molecules
are then slowly replaced by solvated ions. This process of

Adv. Energy Mater. 2023, 13, 2301944 2301944 (10 of 13) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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flooding the structure with free solvents and then replacing them
with solvated ions then repeats during the main voltage plateau
as the structure fully expands and opens up to form a stage I com-
pound. At low potentials, structural rearrangement into the final
structure occurs, which consist of mostly fully solvated ions with
a few free solvent molecules still present.

Finally, we want to emphasize the fact that the discussed reac-
tion mechanism is also intriguing from the viewpoint of porous
materials and supercapacitors. The opening of the (non-porous)
graphite structure by solvated ions leads to an interlayer distance
of ≈1.2 nm, i.e., a distance commonly classified as a microp-
ore. The opened graphite structure represents an ideal parallel
slit pore. Flooding of such micropores by free solvents is, as also
supported by our calculations, quite reasonable. To the best of
our knowledge, the formation of t-GICs is the only process that
shows such a highly defined in-situ generation of microporosity.
Moreover, the process is switchable as the graphite structure is
recovered during desodiation. Solvent co-intercalation reactions
could therefore build a true bridge between ion storage in the
bulk phase and in micropores, i.e., between batteries and super-
capacitors.

4. Experimental Section
Electrode and Cell Preparation, Cell Cycling: The working electrodes

consisted of 90 wt.% graphite powder (MTI Corp.) and 10 wt.%
PVDF binder (poly(vinylidene difluoride) from PI-KEM Ltd). NMP (N-
methylpyrrolidone from Sigma–Aldrich) was used as solvent to form the
slurries that were cast onto carbon coated copper current collectors. The
electrode sheets were dried at room temperature overnight, punched into
electrodes, and dried again under vacuum overnight at 110 °C. For gal-
vanostatic cycling, CR2032 coin cells (MTI Corp.) were assembled with
electrodes of 12 mm diameter with an average thickness of 120 μm. The
average mass of the electrodes used was 28.8 mg with 16.8 mg active ma-
terial. The cell assembly was performed in an argon filled glovebox from
MBraun (H2O < 0.1 ppm, O2 < 0.1 ppm). Na metal (BASF) was used as
the counter electrode and a Whatman membrane (GF/A) as the separator
with a desired volume of electrolyte.

For the electrolyte preparation, sodium
bis(trifluoromethanesulfonyl)imide (NaTFSI purity 99.5%, Solvionic)
and sodium hexafluorophosphate (NaPF6, purity > 99.5%, E-lyte) were
used as salt. Monoglyme (G1, Sigma–Aldrich) and diglyme (G2, Sigma–
Aldrich) were pre-dried with 4 Å porous molecular sieves overnight.
The electrochemical galvanostatic charge discharge experiments were
conducted using a BCS 805 battery cycler from Biologic at a current of
C/10 (1C = 110 mA g−1).

Experimental Methods: The mass change experiments were conducted
in several ways. First, we reproduced the results by Kim et al., these mea-
surements were carried out as described by the authors, see Supporting
Information for details.[2b] New mass change measurement were carried
out following our updated protocol: First, a graphite electrode was sodi-
ated, at constant current, in a coin cell to a specific potential (or SOS).
Then it was desodiated at 2 V and finally sodiated at the desire potential
where it was held for a minimum of 6 h. These samples were henceforth
referred to as sodiated samples. For each sodiated sample, a desodiated
control sample was prepared. This was done by applying the same cycling
protocol but adding a desodiation step at the end (sample held at 2 V over
at least 6 h at the end). All the cells were taken to an Ar-filled glove box
and were disassembled. Immediately after a cell was opened, the graphite
electrode was carefully peeled from the separator and placed in a weighing
boat in order to measure the mass on a Pioneer PX225D balance with a
readability of 0.01 mg.

Electrochemical impedance spectroscopy (EIS) experiments were car-
ried out to determine the electrolyte concentration at different sodiation
stages during the co-intercalation process. The electrochemical set up was
prepared in a similar way to described before. The coin cells were probed
via EIS using a potentiostat (MPG-3 from Biologic) in the frequency range
of 20 kHz–1 Hz. In the high frequency region, the impedance response
showed a low reactance and thus might be interpreted as a high frequency
resistance (HFR) that is mainly dominated by the conductivity of the bulk
electrolyte and the contact resistance.[18] Thus, this HFR was used for the
determination of the concentration during cycling at a frequency of 20 kHz
where the samples showed the lowest imaginary part. To correlate the de-
termined HFR of the in situ measurements with an electrolyte concentra-
tion, calibration measurements were carried out for assembled cells with
various electrolyte concentrations after 6 h of equilibration and conducting
a single sodiation step (0.1 C, 10 min). For the determination of the HFR
at various states of sodiation, the sample was sodiated with a constant
discharge current pulse of 0.1 C for 10 min. Subsequently the respective
potential was kept for 5 min and the impedance measurement were con-
ducted. This sequence was repeated until a final cell potential of 0.01 V
versus Na+/Na was reached.

For the operando optical microscopy, an EL-Cell ECC Opto-10 cell
holder with a two-electrode side-by-side arrangement of the graphite elec-
trode stripe and metallic counter electrode stripe were used. The cells were
cycled at 0.1 C. A digital optical microscope (Keyence VHX-7000) with a
500x magnification was used and an image was taken every 120 s.

Computational Methods: Gaussian 16 was used to optimize 2 solva-
tion shells where Na+ is fully solvated by either 2 G2, or by 6 PC molecules
to compare with a standard carbonate-based electrolyte. The structures
were optimized at the B3LYP/6-311+G(d,p) level of theory with the SMD
implicit solvent model, setting the dielectric constant to 7.23 and 64 for
G2 and PC, respectively.[7j,19] A full populations analysis was carried out
along with a calculation of the electric field potential using the Gaussian 16
cubegen tool.[19a] The average potential energy as a function of distance
to the cation was computed by averaging over a sphere centred around
the cation. Similarly, the average electric potential in a particular direction
from the cation was computed by averaging the electric potential along
spherical solid angles, which was then projected on a 2D surface using
the area preserving Mollweide projection.[20]

To study the structure and stability of the solvation shell we performed
ab initio molecular dynamics using Car-Parrinello molecular dynamics
(CPMD).[21] 1 M NaPF6 in G2 was simulated. A cubic unit cells was con-
structed (4 NaPF6 with 28 G2, randomly distributed) in Packmol with side
19.095 Å. G2 exists in several possible confirmations, several conforma-
tions were optimized in Gaussian 16 and the 7 most energetically stable
were used as starting structures in the MD simulation. A plane-wave cut-
off of 90 Rydberg and a time step of 4 a. u., and the PBE functional was
used,[22] along with pseudopotential of Goedecker, Teter and Hutter, for all
species except for Na where the pseudopotential of Troullier and Martins
was used.[23] A Nosé-Hoover thermostat was switched on after equilibrat-
ing the system. The temperature was set at 300 K. Subsequently a 40 ps
production runs was carried out. The content of the solvation shell was
studied by computing the (partial) radial distribution functions (RDFs)
from the production trajectory:

gi (r) =
ni (r)

4𝜋r2Δr
1
𝜌i

(4)

where ni(r) is the average number of atoms of type i in a spherical shell
with thickness ∆r at distance r from the central cation, and 𝜌i is the av-
erage number density of atom of type i. By integrating the partial RDFs,
the coordination number was computed. All solvents and anions where
also replaced by their center of mass and new RDFs were computed with
respect to the center of mass in order to study the number of solvents and
anions in the solvation shell. By integrating the Na+-CM partial RDFs the
solvation number is acquired.[14h]

Full solvation shells [Na:G22]+ in a graphitic host consisting of 32
AB stacked carbon atoms was studied using the Vienna ab initio sim-
ulation package (VASP) with an plane-wave energy cut-off at 520 eV,
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corresponding to 1.3 × ENMAX of the maximum energy in the pseudopo-
tentials, using a [4,4,4] gamma centered k-point sampling mesh and the
PBE functional.[22,24] Similarly, LiC6 was simulated. The structures where
relaxed using ISIF = 3, i.e., both ions and unit cell shape and volume was
allowed to relax. Band structure calculations were carried out along the Γ
– M – K – Γ – A – L – H – A k-point path, for both [Na:G22]C32 and LiC6,
typical of hexagonal structures.

The charge density difference Δ𝜌 was computed:

Δ𝜌 = 𝜌system − 𝜌SS − 𝜌Gr (5)

where 𝜌system is the electron density of the neutral system, 𝜌SS is the elec-
tron density of the positively charged solvation shell and 𝜌Gr is the electron
density of the negatively charged expanded graphite structure.
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