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Use of Graphite as a Highly Reversible Electrode with Superior Cycle
Life for Sodium-Ion Batteries by Making Use of Co-Intercalation

Phenomena**
Birte Jache and Philipp Adelhelm™

Abstract: Although being the standard anode material in
lithium-ion batteries (LIBs), graphite so far is considered to
fail application in sodium-ion batteries (NIBs) because the Na-
C system lacks suitable binary intercalation compounds. Here
we show that this limitation can be circumvented by using co-
intercalation phenomena in a diglyme-based electrolyte. The
resulting compound is a stage-1 ternary intercalation com-
pound with an estimated stoichiometry of Na(diglyme),C,.
Highlights of the electrode reaction are its high energy
efficiency, the small irreversible loss during the first cycle,
and a superior cycle life with capacities close to 100 mAhg™
for 1000 cycles and coulomb efficiencies > 99.87 %. A one-to-
one comparison with the analogue lithium-based cell shows
that the sodium-based system performs better and also with-
stands higher currents.

The discussion on critical resources and the need for
electrochemical storage technologies has recently triggered
renewed interest in sodium-ion batteries as possible comple-
ments to the well-established lithium-ion technology, espe-
cially for stationary energy stores. A considerable number of
potentially interesting compounds has been identified and
discovered within the last few years.'"*! However, the search
for electrode materials with sufficient cycle lives is in its
infancy, especially with respect to anode materials. Although
very similar cell reactions can at first sight be anticipated for
both battery systems, the difference in the ionic radii between
sodium and lithium leads to changes in the thermodynamic
and kinetic properties, which might be advantageous or
disadvantageous with respect to a reversible cell reaction. The
differences in the phase behavior of LiCoO, and NaCoO,”
the discharge products of Li/O, and Na/O, cells,® and the
solvation properties” are illustrative examples. Graphite is
another intriguing case. It is used in most of the commercial
LIBs as an anode material because of its ability to reversibly
intercalate lithium by forming a series of binary graphite
intercalation compounds (b-GIC) with the final stoichiometry
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LiC,."“' Although the alkali metals K, Cs, and Rb are also
known to form b-GICs, sodium is a notable exception. No b-
GICs exist under moderate conditions, which is assumed to be
the result of an unfavorable mismatch between the graphite
structure and the size of the Na ion.'">" Thus, to date, it is
commonly accepted that graphite unfortunately cannot be
used as an electrode material for sodium-ion batteries.

Herein we report the opposite and show that graphite can
be used effectively as an electrode material for NIBs
exhibiting excellent reversibility at low overpotentials and
superior cycle life. For this, we make use of the formation of
ternary GICs (+-GICs),['! that is, the intercalation of solvated
alkali ions (“co-intercalation”) by reduction of graphite
according to Equation (1),

C,+e +A" +ysolv= A"(solv),C", 1)

with C, being n carbon atoms of the graphite lattice, A* an
alkali metal, and solv a solvent molecule."! The chemical
formation of this kind of GICs is a well-known phenomenon
and early reports date back to the 1950s (Na(NH,),Cy,)!" and
1960s (Li(HMPA)C;,, Na(HMPA)C,;),!'” for example. Later
on, electrochemical methods were also applied to prepare
a variety of -GICs.">*") Most attention was paid to the alkali
metals Li and K and the solvents dimethyl sulfoxide (DMSO),
dimethoxyethane (DME), propylene carbonate (PC), and
ethylene carbonate (EC). We note that the chemistry of
binary and ternary GICs is very rich in general, that is, is not
restricted to only alkali ions. Anions (graphite shows a redox-
amphoteric behavior) and large ions can also be interca-
lated.l1* 111923 Tn the special case of sodium, this means that
co-intercalating solvent molecules can resolve the otherwise
unfavorable size mismatch between sodium ions and the
graphite lattice.

It is important to know for the following that co-
intercalation of solvent molecules is highly undesired in
LIBs as the +-GICs are unstable with respect to solvent
reduction, that is, the co-intercalated solvent molecules
decompose, thereby leading to exfoliation of the graphite
electrode and hence poor cycle life.**"! At low potentials, the
t-GICs also becomes unstable with respect to the binary GICs
Li,C,. The reason why graphite can be used in LIBs is due to
the fortunate coincidence that the decomposition of EC leads
to a particularly favorable solid electrolyte interphase (SEI)
between the graphite and electrolyte that prevents further co-
intercalation.’! By contrast, we find that the formation of a ¢-
GIC with the composition A(diglyme) C, (A=Li, Na) is
surprisingly reversible, and in the case of sodium exhibits very
favorable electrode properties. To the best of our knowledge,
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co-intercalation of solvent molecules for use in Na-ion
batteries and studies on the prolonged cycling behavior
have not been reported previously in the literature.

Figure 1 shows that the intercalation process is strongly
affected by the type of solvent. The standard electrolyte used
in LIBs is based on a blend of EC/DMC and LiPF, as
conductive salt.” In this electrolyte, the b-GIC LiC; is
reversibly formed at potentials below 0.25 V with a theoretical
capacity of g, =372 mAhg . As no such binary sodium
GIC exists, the achievable capacities are virtually zero in the
case of the analogue sodium cell (Figure 1a,b). By using
a single-solvent electrolyte based on diglyme and lithium
(LiOTY) or sodium triflate (NaOTf) as the conductive salt, the
electrochemical behavior changes significantly (Fig-
ure 1a,c,d). In both cases, capacities around 90-100 mAhg™!
within the first ten cycles are found. Several steps can be
observed in the voltage profile, which are indicative of more
complex ordering phenomena with different thermodynamic
stabilities. The initial irreversible capacities are small, with
values around 10-15 mAhg™!, and stable capacity values are
quickly reached. Notably, the overpotentials depend on the
state of the discharge/charge and are much smaller for the
sodium cell (typically smaller than 100 mV) than for the
lithium cell (> 250 mV), together with a more stable cycle life.
In particular, the kinetic limitation is negligible for the last
intercalation step below 0.5V versus Na/Na*. Results from
electrochemical impedance spectroscopy support this finding
(see Figure S2 in the Supporting Information). The higher
average intercalation potentials compared to the formation of
LiC, in EC/DMC are a strong indication of +~GIC formation,
as co-intercalation generally leads to a shift of the intercala-
tion plateau to higher voltages.['®:25231]

Very similar characteristics are found by cyclic voltam-
metry (Figure 2 and see Figure S2 in the Supporting Infor-
mation). The voltammograms show several peaks, indicative
of a series of thermodynamically defined structures that
subsequently evolve during discharge and charge.'” It can be
further seen that the sodium cell exhibits a much better
cycling stability than the analogous lithium system. Notably,
the lithium cell does not show any redox behavior at higher
cycle numbers (it is shown below that this is due to the high
peak current densities occurring during the cyclic voltam-
metric experiment that lead to rapid degradation of the
electrode). To verify that no undesired side reactions
contribute to the assumed cell reaction, a series of reference
experiments were conducted by testing the electrochemical
stability of the current collectors and using different types of
graphite and conducting salts (see Figures S3-S5 in the
Supporting Information). Furthermore, the electrochemical
stability of the electrolyte towards oxidation was determined
to exceed 4.4 V versus Na/Na* (see Figure S6 in the Support-
ing Information).

In conclusion, the formation of a +-GIC is the only feasible
explanation for the observed redox behavior. Notably, for the
lithium cell, an additional current signal appears at low
potentials which might be due to partial reductive decom-
position of the solvent, combined with the formation of the
binary Li-GICs. Of course, this reaction is irreversible and,
therefore, is one probable reason for the observed poor cycle
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Figure 1. Specific capacities and charge/discharge characteristics of
lithium/graphite and sodium/graphite cells cycled at i=37.2 mAg™" in
different electrolytes. a) 1M M*(PFg)~ in EC/DMC and 1M M*(OTf)~
in diglyme; b) 1M M*(PF¢)~ in EC/DMC; ¢,d) 1M M*(OTf) ™ in
diglyme. Note that the redox activity of the cells is given versus Li/Li"
and Na/Na™, respectively.
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Figure 2. Redox behavior followed by cyclic voltammetry (sweep rate
0.05 mVs™' between 0.01 and 3.0 V).

life. For sodium, this additional peak is much smaller and the
cycle life is not affected. A second reason for the observed
poor cycle life in the case of lithium can be discerned from
Figure 3a. This graph shows the effect of current density
(1C=372mAg™") on the capacity and cycle life. Here, the
sodium cell shows a significantly better performance. The
obtained capacity values are quite close to the maximum
value at all the applied current densities, thus indicating good
kinetic properties and a mechanically stable electrode. The
lithium cells can only be cycled at low currents with the
maximum capacity and rapid fading occurs once the electrode
has been exposed to higher currents. Current densities
exceeding 0.1 C (37.2mAg™") are in the same range as the
maximum areal peak current densities observed in the
voltammograms (0.45 mA cm? corresponds to 155 mAg™),
hence electrode degradation as a result of poor kinetic
properties is a second plausible degradation mechanism of the
lithium cells. A very important observation is that the sodium
cell shows superior cycle life (Figure 3b). A thousand cycles
were obtained with coulombic efficiencies > 99.87 % and the
overpotentials remained small for several hundred cycles (see
Figure S8 in the Supporting Information).

X-ray diffraction was used to study the intercalation
process from a structural perspective. An expansion of the
distance between adjacent graphite layers is expected during
the intercalation of intercalants into the graphite host
material.'%'51%32] [n the case of reversible intercalation,
a reversible shift of the (002) diffraction line to lower
scattering angles occurs. The larger the increase in the layer
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Figure 3. a) Specific capacities of lithium/graphite and sodium/graph-
ite cells cycled at different C rates (1 C=372 mAg™'). b) Cycle stability
and coulombic efficiency of the sodium/graphite cell in 1M NaOTf in
diglyme over 1000 cycles at 0.1 C (corresponding voltage profiles are
shown in Figures S7 and S8 in the Supporting Information).

distance, the larger the shift. Additionally, a diffraction line at
higher scattering angles emerges.

These features can be clearly seen in Figure 4 (the
measured values and the calculated graphite layer distances
are shown in Table S1 in the Supporting Information and
support reversible intercalation processes in both cells). A
10% expansion for lithium intercalation and a 15% expan-
sion for sodium was found. We further used a coin cell
equipped with an X-ray transparent window for a first quasi
in situ study following the changes in the diffraction pattern
during cell discharge (see Figure S10 in the Supporting
Information).

It can be concluded from the equations derived by
Riidorff and Dresselhaus'*!*%! for the identity period that
in both cases a stage-1 intercalation compound was formed,
that is, the intercalant layers are separated by one graphite
layer (see Table S1 in the Supporting Information). Resolving
the exact geometric alignment of the co-intercalated solvent
molecules between the graphite layers and the stoichiometry
with respect to the alkali ions is more difficult to determine.
At least for the latter aspect, a reasonable prediction can be
made. Henderson and Rhodes et al. studied the crystalline
phases of several glyme:AX compounds (A=Li", Na*; X=
anions) and found that the alkali ions are preferentially
coordinated by six oxygen atoms.***! As diglyme possesses
three ether oxygen atoms, two molecules would be necessary

www.angewandte.org

10171


http://www.angewandte.org

Angewandte

10172

Communications

a) lithium | 1m LiOTf in diglyme | graphite

T
(001) miller indices
x GIC

(002)

41 |
[charged (002) ‘
.é‘ X deintercalation
g 2
g x 1
£

(discharged

intercalation

[pristine graphite electroge |

20 25 30 35
Scattering angle 20/ °

b) sodium | 1m NaOTf in diglyme | graphite

" (001) miller indices
x GIC

4 i
- (002)
=

x
2 deintercalation
'g 2r x )
£ X I
ldischarged
intercalation
0 lpristine graphite electroge |

20 25 30 35
Scattering angle 26/ °

Figure 4. Diffraction patterns of the graphite electrodes for a) the
lithium and b) the sodium cell. Bottom: pristine graphite electrode,
middle: discharged to 0.01 V versus Li or Na (after three and a half
cycles), top: charged to 3.0V (a survey diffraction pattern (10-80°) is
shown in Figure S9 in the Supporting Information). All patterns were
normalized to the highest reflex of the copper current collector (Miller
index (200)). Kapton tape was used to protect the samples from air.

to reach a stable solvation shell in dilute solution. As the ions
approach the electrode surface, the solvation shell is
deformed and the coordination number usually decreases.
However, theoretical studies by Matsui and Takeyama on
diglyme-solvated Li ions showed that the solvation shell still
consists of two diglyme molecules even in the vicinity of the
electrode.®® It might, therefore, be reasonable to assume that
two diglyme molecules are co-intercalated per alkali ion.
Further studies to prove this assumption experimentally are
planned. As the maximum achievable capacity value is
around 100 mAhg '—corresponding to around 20 carbon
atoms per intercalant—the final composition of the -GICs
formed in our experiments can be described as: Li-
(diglyme),C,, and Na(diglyme),C,,, with y=1 or more
likely 2 (see Table S2 in the Supporting Information). Based
on these assumptions, approximately 200 uL of solvent per
gram of graphite are probably co-intercalated (see Table S3 in
the Supporting Information).

In summary, we have demonstrated that graphite, in
contrast to the general view, can be used as an electrode
material in NIBs by taking advantage of the formation of
ternary GICs. The important features of this electrode
reaction are the small irreversible capacity, the low over-
potentials, and the superior cycle life. The exceptional
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stability might be simply related to the fact that binary
GICs between sodium and graphite do not form. With
a capacity close to 100 mAhg!, the electrode is attractive
for stationary applications. Furthermore, only relatively low
cost substances were used for this study. As +-GICs are also
formed with other solvents, our results suggest an alternative
route to search for new electrode reactions for NIBs.

Experimental Section

Electrode slurries were made from as-received graphite powder
(SFG-44, TIMCAL Graphite), polyvinylidene fluoride (PVDF Solef
1013, Solvay), and N-methyl-2-pyrrolidone (NMP, Sigma Aldrich).
The content of graphite and binder was 90 wt% and 10 wt%,
respectively. Electrodes were prepared by doctor blading a slurry
onto copper foil (d =10 pm). The thicknesses of the electrodes were
approximately around 40-50 um in the dried state. Circular electrodes
(d=1.2 cm) were punched out and contained 4-5 mg active mass
each. These were further dried at 120°C for 2 h under vacuum to
evaporate residual NMP and then transferred into an argon-filled
glove box (GS Glovebox System Technik), where three-electrode
Swagelok type cells for cyclic voltammetry and two electrode coin
cells (CR2032, MTI Corporation) for galvanostatic cycling were
assembled. Lithium foil (Rockwood Lithium) or sodium (BASF) was
used as the counter and reference electrodes. Whatman glass
microfiber filters (GF/A) were used as separators. A commercially
available 1M solution of LiPFy in 1:1 w/w EC/DMC (LP30, Selecti-
Lyte, Merck) and a self-made electrolyte containing 1M NaPF; (purity
>99.0%, Alfa Asear) in 1:1 w/w EC/DMC (purity >99.0%, Sigma
Aldrich) were used as the electrolytes. Furthermore, two single-
solvent electrolytes based on diglyme (purity >99.5%, Sigma
Aldrich) with 1M LiOTf (>99.995%, Sigma Aldrich) or NaOTf
(purity >98.0%, Acros) were prepared. Electrochemical measure-
ments were conducted at 25°C in a climate cabinet using a Maccor
battery cycler (Model 4300). Cells were cycled galvanostatically
(constant current) at different C rates between 0.01 V and 3.0 V. All
potentials reported herein were measured against the lithium or
sodium metallic counter electrode. For comparison with the Li-ion
technology, the Crate was calculated based on the theoretical
capacity of graphite (Q =372 mAhg !, that is, formation of LiCy),
thus 1 C corresponds to a current of i=372 mAg'. Capacities are
given in mAh per gram of graphite (mAhg '(graphite)). Further-
more, cyclic voltammetry was conducted (Biologic VMP3) with
a voltage sweep rate of 0.05mVs™' for at least 10 cycles. WAXS
diffraction patterns were recorded with a PANanalytical EMPYR-
EAN (Cu-Ka source, 40 kV, 40 mA) in a 26 angular range between
10° and 80° under a protective self-adhesive Kapton foil (VWR) to
avoid exposure of the sample to air.
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