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ABSTRACT
Graphite is widely used as the negative electrode for alkali-metal ion secondary batteries because of its ability to accommodate various
ions between its graphene layers resulting in the formation of graphite intercalation compounds (GICs). In this study, we investigated
the intercalation of Cs+ ions into graphite using an ionic liquid (IL)-based electrolyte, Cs[FTA]–[C4C1pyrr][FTA] (FTA = (fluorosulfonyl)(tri-
fluoromethylsulfonyl)amide, C4C1pyrr = N-butyl-N-methylpyrrolidinium). In this electrolyte, the graphite negative electrode imparted an
initial reversible capacity of 180mAh g−1 at 298 K. The formation of Cs-GICs was analyzed using an X-ray diffraction technique to reveal the
formation of stage-1 CsC8. The formation potentials of various alkali metal GICs were also compared with respect to the potential of
ferrocenium/ferrocene redox couple, revealing that these GICs particularly for stage-1 compounds form in a similar potential range with
small differences of 0.2–0.3 V.
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1. Introduction

In an effort to decarbonize the transportation sector, there has
been a surge in the demand for electric vehicles worldwide.1–3

Although switching to electric vehicles predominantly reduces the
dependence on fossil fuels, it simultaneously presents even more
complications particularly exemplified by the depletion of cobalt
(Co) resources.4–6 Co is a key component for the positive electrode
materials in Li-ion batteries (LIBs) which are a pioneer for energy
storage and conversion systems ranging from portable devices to
electric vehicles and stationary energy storage.7–9 The declining Co
resources have led to excessive mining resulting in socio-economic
problems.10,11 Therefore, scientists are focusing on alternative
energy storage systems to meet the demands for establishing a
carbon-neutral society. Another major issue associated with LIBs is
the utilization of highly flammable and volatile organic solvent-
based electrolytes, leading to thermal runaway at increasing
temperatures.12,13 In contrast, ionic liquid (IL) electrolytes are
nonflammable and less volatile in nature, exhibit high thermal
stability, and possess wide electrochemical window, which makes
them suitable for constructing safer LIBs as well as next-generation
batteries.14–19

For metal-ion batteries, graphite is the most commonly used
negative electrode material because it is less expensive, environ-
ment-friendly, non-toxic, and exhibits high reversible capacity and
high conductivity. It is well known that graphite can accommodate

various types of ions in between its graphene layers. In the past,
several scientists prepared alkali metal GICs using chemical
methods.20–22 In 1926, Fredenhagen and Cadenbach prepared K-,
Rb-, and Cs-GICs by mixing alkali metal vapors with graphite in a
vacuum tube using a technique typically known as the two-bulb
vapor transport technique.20 In 1958, Asher and Wilson first
reported lamellar compounds of Na with graphite having a
composition of NaC64 examined by X-ray diffraction (XRD)
measurements.21 In 1975, Li-GICs were prepared by Herold using
the two-bulb technique.22

In the past several decades, the electrochemical intercalation of
alkali metal ions into graphite has been investigated extensively for
battery applications. The electrochemical intercalation of Li+ into
graphite has been investigated by various groups.23–25 For the Li-
system, graphite exhibits the largest reversible capacity of
³370mAhg¹1 (close to the theoretical capacity of 372mAhg¹1)
corresponding to the electrochemical formation of LiC6.25 Several
studies have been conducted for the K-system as well, demonstrat-
ing the electrochemical intercalation of K+ ions into graphite.26–29

For the K-system a high reversible capacity of 270mAhg¹1 (close
to the theoretical capacity of 279mAhg¹1) was obtained using
0.8M KPF6 in 1 : 1 (v/v) EC : DEC electrolyte. Recently, two
research groups including ours, have demonstrated the electrochem-
ical intercalation of Rb+ into graphite using IL-based electro-
lytes.30,31 However, the studies related to the electrochemical
intercalation of Cs+ into graphite are still limited. With the
exception of Na+, all other alkali metal cations intercalate chemi-
cally and electrochemically between graphite layers. Therefore, it
will be interesting to understand the phenomenon of electrochemical
intercalation of Cs+ into graphite.

In this study, we constructed a Cs-ion battery utilizing Cs[FTA]–
[C4C1pyrr][FTA] IL as the electrolyte to investigate the elec-
trochemical intercalation mechanism of Cs+ into graphite and to
analyze the possibility of Cs-ion batteries as next-generation
batteries. The electrochemical performance as well as the staging
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phenomenon of Cs+ intercalation into graphite was investigated at
room temperature for the first time.

2. Experimental

All electrochemical measurements were conducted using a three-
electrode configuration. Graphite composite electrodes were used as
both working and counter electrodes due to highly reactive nature of
Cs metal and the difficulty of employing Cs metal as the counter
electrode. The working electrode was fabricated by mixing
commercially available natural graphite powder (SNO-3; SEC
Carbon, average particle size: 3 µm) with a sodium carboxymethyl-
cellulose (CMC; #2200 Daicel Miraizu Ltd.) binder in a weight ratio
of 90 : 10 and the required amount of deionized water to form a
homogeneous slurry. The resultant slurry was pasted onto a copper
foil using the doctor blade method and dried overnight at 353K in a
vacuum oven. Electrodes with a diameter of 16mm were then
punched out and dried in a vacuum line overnight at 353K. The
slurry for the counter electrode was prepared by mixing natural
graphite powder (SNO-10; SEC Carbon, average particle size:
10 µm) with polyvinylidene fluoride (PVdF; Kishida Chemicals Co.,
Ltd.) binder in a weight ratio of 93 : 7 and the required amount of N-
methyl-2-pyrrolidone (NMP; FUJIFILM Wako Pure Chemical Co.,
purity >99%). The current collector for the counter electrode was
aluminum foil. The average loading mass densities of the active
materials were approximately 1mg cm¹2 and 8mg cm¹2 for the
working and counter electrodes, respectively. According to our
previous reports, FTA¹ anions intercalate between graphene layers
in IL-related systems,32,33 and hence graphite was used as a counter
electrode for this study. Cs[FTA]–[C4C1pyrr][FTA] IL electrolyte
with a composition of x(Cs[FTA]) = 0.20, which corresponds to a
molar concentration of C(Cs+) µ 0.8mol dm¹3,18 was prepared by
mixing the Cs[FTA] (Provisco CS Ltd., purity >99%) salt and
[C4C1pyrr][FTA] IL (Provisco CS Ltd., purity >99%) in an Ar-
filled glove box. Prior to use, the salt and IL were vacuum-dried at
333K for 1 d. The reference electrode consisted of a Ag wire
immersed in [C3C1pyrr][FSA] IL (C3C1pyrr = N-methyl-N-propyl-
pyrrolidinium, FSA = bis(fluorosulfonyl)amide; Kanto Chemical
Co., Ltd.) containing 0.05mol dm¹3 of Ag[TfO] (silver trifluoro-
methanesulfonate; Sigma-Aldrich), which was separated in a glass
tube equipped with a porous glass frit as a liquid junction with
the main FTA-based electrolyte. [C3C1pyrr][FSA] and Ag[TfO]
were vacuum-dried at 333K for 1 d before use. For M[FTA]–
[C4C1pyrr][FTA] (M = Li, K, Rb) ILs, charge–discharge measure-
ments were conducted with the same cell configuration. All alkali
metal FTA salts were purchased from Provisco CS Ltd. (purity
>99%).

Electrochemical measurements were conducted using a three-
electrode cell (SB3A; EC Frontier Co., Ltd.) and a charge–discharge
unit (HZ-7000 or HZ-Pro, Meiden Hokuto Corp.). A two-ply glass
fiber filter (Whatman, GF/A, diameter = 25mm, thickness =
260mm per sheet) was used as the separator. The electrodes and
separator were vacuum-impregnated with M[FTA]–[C4C1pyrr]-
[FTA] (M = alkali metal; x(M[FTA]) = 0.20) electrolyte overnight
at 333K before use. The cell assembly process was conducted in
a glove box under dry and deoxygenated argon gas. Taking into
consideration the highly reactive nature of Cs-GICs, the cells were
sealed in an airtight flask to avoid contact with the air. Galvanostatic
charge–discharge measurements of the three-electrode cell were
performed at 298K in a temperature controller (SU-222, ESPEC
Corp.). In this study, the capacity (mAh g¹1) and current density
(mAg¹1 or C rate) are expressed based on the weight of the active
material (graphite) in the working electrode. The potential values are
designated with respect to the Ag+/Ag redox couple. To precisely
determine the reaction potentials of graphite in different systems, the
potentials were calibrated with respect to the ferrocenium/ferrocene

redox couple (Fc+/Fc). Detailed procedures are provided in the
Supporting Information.

Ex-situ X-ray diffraction (XRD) patterns were obtained in
Bragg–Brentano geometry using an X-ray diffractometer (Ultima
IV, Rigaku Corp.) with Cu-K¡ radiation (­ = 1.5418¡) at 40 kVand
40mA. The samples were transferred to the apparatus in an airtight
cell filled with a dry Ar atmosphere.

3. Results and Discussion

Figure 1 shows the charge–discharge curves of the graphite
negative electrode for the initial three cycles measured at 298K
using Cs[FTA]–[C4C1pyrr][FTA] IL electrolyte. The cell was
operated at a constant current rate of 0.5C (where 1C corresponds
to a current density of 279mAg¹1, assuming the formation of CsC8)
within the potential range of ¹3.58 to ¹2.40V vs. Ag+/Ag. The
total charge and discharge capacities in the 1st cycle are 304 and
185mAhg¹1, respectively, resulting in a coulombic efficiency of
60.9%. Three distinct potential regions corresponding to the
intercalation of Cs+ are identified for the first charge process: a
steep slope (region I) from ¹2.6 to ¹3.1V (vs. Ag+/Ag), a gentle
slope (region II) from ¹3.1 to ¹3.3V, and a long plateau
(region III) from ¹3.4 to ¹3.58V. Since a steep slope is not
observed for subsequent cycles, the slope region I may correspond
to the irreversible decomposition of the electrolyte resulting in solid
electrolyte interphase (SEI) formation. This phenomenon is similar
to that observed for the Rb-system.30 The initial charge capacity,
excluding the irreversible capacity loss due to the formation of SEI
in region I, is approximately 292mAhg¹1, which is still larger
by 5% compared with the theoretical capacity of 279mAhg¹1

assuming the formation of CsC8. Taking the low coulombic
efficiency into consideration, irreversible capacity also exists in
the regions II and III to a certain extent, which is also attributable to
SEI formation. The gentle slope region II and the long plateau
region III, which mainly corresponds to the Cs-GIC formation, is
also observed for the case of K- and Rb-GICs. However, considering
the two-phase coexistence state (e.g. stage 1 and stage 2 GICs), the
plateau region appears more sloping than expected, and the large
overpotentials are observed for Cs-GICs. These phenomena can be
attributed to the cell configuration. Since the reference electrode
used in the present study consists of a Ag wire immersed in the
Ag[TfO]–[C3C1pyrr][FSA] reference electrolyte and is separated by
a porous glass frit from the main electrolyte, the distance between
the working and reference electrodes is longer than that in the two-
electrode coin cell, leading to a higher bulk electrolyte impedance.
Similar behavior has been observed in our previous study on Rb
intercalation into graphite.30 Moreover, for graphite negative
electrodes in K-system, we previously confirmed smaller polar-
izations in two-electrode coin cells using porous composite
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Figure 1. Charge–discharge curves of a graphite negative elec-
trode in Cs[FTA]–[C4C1pyrr][FTA] (x(Cs[FTA]) = 0.20) IL electro-
lyte at 0.5C current rate and 298K.

Electrochemistry, 92(4), 043008 (2024)

2



electrodes,33 which excludes the dominant contribution of porous-
type electrodes to the sloping behavior in three-electrode config-
uration. The discharge capacity gradually decreases with subsequent
cycling, reaching 158mAhg¹1 in the 3rd cycle. On the other hand,
the irreversible capacity is significantly reduced, and the improved
coulombic efficiency of 80.3% is observed in the 3rd cycle.

To elucidate the phase evolution behavior of graphite upon
Cs+ intercalation/deintercalation, ex-situ XRD measurements were
performed on graphite negative electrodes at different states of
charge (SOCs). Figure 2a shows the representative charge–discharge
curves at 0.1C. The potential axis with respect to Cs+/Cs potential is
also provided as a reference based on our previous report.18 To
ensure that the SEI formation is complete, the cell was subjected to
the aging process for one cycle at 0.5C and then followed by one
cycle at 0.1C current rate between a voltage range of ¹3.50 to
¹2.10V. For the preparation of the electrodes at different SOCs, the
cells for points 1–3 were subjected to the charge–discharge
conditions similar to the cell in Fig. 2a. In contrast, the cell for
point 4 was subjected to three cycles at 0.5C between ¹3.70 to
¹2.10V and then one cycle at 0.1C between ¹3.58 to ¹2.10V.

Figure 2b shows the ex-situ XRD patterns of the graphite negative
electrodes for different SOCs. The points in Fig. 2a correspond to the
points mentioned in Fig. 2b. Initially, only the graphite peak (26.58°)
is observed for the pristine graphite electrode. Upon charging to
point 1 (105mAhg¹1), a broad peak at 26.5–27.5° and a sharp peak
at 28.0° are observed. The broad peak can be attributed to the
presence of graphite and multiple high-stage Cs-GICs. The sharp
peak is considered to correspond to stage-3 Cs-GIC. At the fully

charged state, at point 2 (266mAhg¹1), Cs-GIC peaks assigned to
stage 1 are obtained. However, two faint diffraction peaks are
simultaneously observed at 26.5° and 27.5°, which can be attributed
to the unreacted graphite and dilute stages, respectively. On the other
hand, during discharge, XRD peaks corresponding to stage 2 and
stage 1 Cs-GICs are also observed at point 3 (205mAhg¹1). A peak
is also observed at 26.5°, which may be ascribed to unreacted
graphite in the electrode. Only the graphite peak is observed in the
fully discharged state at point 4 (118mAhg¹1). According to the
previous reports,34–38 the Cs-GIC compositions of stage 3, stage 2,
and stage 1 are CsC36, CsC24, and CsC8, respectively. Figure 2c also
confirms the formation of CsC8 at the end of charge process with the
change in the color of the electrode to dark brown. The obtained
discharge capacity of 148mAhg¹1 in Fig. 2b is much lower than the
theoretical capacity (279mAhg¹1). This is consistent with the
appearance of the fully charged electrodes (Fig. 2c), where some
parts of the electrode surface remain unreacted. Moreover, a large
irreversible capacity of 118mAhg¹1 is observed, indicating the
considerable SEI formation during the charge process. Considering
the uneven formation of Cs-GICs, thick and non-uniform SEI
formation may occur on the surface of graphite negative electrode,
hindering the full utilization of active material.

The interlayer distance (di) of stage 1 CsC8 is calculated to be
5.94¡, which is a factor of ³1.8 higher than that between the
graphene layers of graphite before intercalation (d0 = 3.35¡). It is
worth noting that the intensity of the graphite peak at point 4 has
decreased compared to the pristine graphite state. The intercalation
and deintercalation of large Cs+ ions into/from the graphite
electrode probably result in the decrease in crystallinity of graphite,
likely arising from the variation in the interlayer distance of
graphite, which was also observed in the Rb-system.30 The Ic and di
values calculated for the Cs-GICs are listed in Table 1. The obtained
di values lie within the range of 5.94–6.07¡, which is almost
consistent with those in the previous studies on the chemical
synthesis of Cs-GICs.34–38 The Ic and di values from the present and
previous studies are summarized in Table 2.

To ascertain the long-term cycling stability of graphite negative
electrodes for a Cs-system, a charge–discharge test was conducted
at 298K, as shown in Fig. 3. Cycling tests were performed at a
relatively high current rate of 1C for 100 cycles in the potential range
of ¹3.69 to ¹2.10V vs. Ag+/Ag. The initial charge and discharge
capacities are 151 and 126mAhg¹1, resulting in a coulombic
efficiency of 83.9%. The charge–discharge profiles of the 1st, 5th,
30th, 50th, and 100th cycles do not overlap each other with continuous
increase in polarization (Fig. 3a). Unlike the Rb-system,30 the
capacity for the Cs-system decreases rapidly during the initial cycles
and does not recover even after a few cycles (Fig. 3b). At last, the
discharge capacity decreases to 52.9mAhg¹1 after 50 cycles. This
behavior can possibly be attributed to the severe volume change
between pristine graphite and CsC8, affecting the instability of the SEI.

Finally, the formation phenomenon of the GICs were compared
among IL electrolytes for different alkali metals using the three-
electrode cells composed of graphite negative and positive
electrodes and an Ag+/Ag reference electrode. The potentials were
calibrated with respect to that of the Fc+/Fc redox couple. Figure 4
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Figure 2. (a) Charge–discharge curves of a graphite negative
electrode in Cs[FTA]–[C4C1pyrr][FTA] (x(Cs[FTA]) = 0.20) IL
electrolyte at 298K. Current rate: 0.1C after cycling at 0.5C for 3
cycles. (b) Ex-situ XRD patterns of graphite electrodes at different
charge–discharge states; numbering provided in the figure corre-
sponds to points plotted in Fig. 2a. (c) Change in the whole surface
image of graphite electrode during charge process from pristine
(graphite) to fully charged (CsC8).

Table 1. The obtained values of repeated distance (Ic) and the
distance between the intercalated layers (di) for stage n Cs-GIC
samples prepared at a current rate of 0.1C and 298K.

Compound
Stage index

(n)

Ic/¡
di/¡

Intercalation Deintercalation

CsC8 1 5.94 5.94 5.94

CsC24 2 — 9.40–9.42 6.05–6.07

CsC36 3 12.76 — 6.06
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shows the charge–discharge curves of a graphite negative electrode
using a three-electrode cell in M[FTA]–[C4C1pyrr][FTA] (M = Li,
K, Rb, and Cs) IL electrolyte at certain current rates and 298K. Prior
to the measurement, the cells were pre-cycled within the certain
conditions. The detailed results of the Fc+/Fc redox potential
measurements are provided in Supporting Information. Charge–
discharge rates were set at 0.1C (= 37.2mAg¹1) for Li-system,
0.1C (= 27.9mAg¹1) for K-system, 0.05C (= 13.95mAg¹1) for
Rb-system, and 0.1C (= 27.9mAg¹1) for Cs-system. According to
the charge–discharge curves of the K-, Rb-, and Cs-systems, the
long plateaus observed in the most negative potential regions, which
is characteristic of the formation of stage-1 GICs, are sloping, which
induces the larger potential deviations between the charge and
discharge processes. As mentioned above (See Fig. 1), one of the
reasons for the large overpotentials is the cell configuration because
charge–discharge curves of similar graphite composite electrodes
obtained by two-electrode coin-type cell with K metal counter
electrode showed much smaller overpotentials for K-system.33

Particularly for the Cs-system, the color of the electrode showed
the presence of some unreacted graphite. This suggests the
formation of thick and non-uniform SEI on the surface of electrode,
presumably limiting the intercalation of Cs+ ions. We chose the cut-
off potential of ¹3.21V (vs. Fc+/Fc) for the Cs-system, which is
higher than the Cs deposition potential of ¹3.45V. This is because,
as described above, the SEI formation during the first cycle is quite
high in the Cs-system, leading to low coulombic efficiency and
severe deterioration of the graphite negative electrodes. Namely we
considered that cell operation with a higher cut-off potential would

Table 2. Summary of the present and representative previous studies on Cs-GICs.

Year Authors Stage index (n) or Compound Ic/¡ di/¡ Remarks Ref.

2023 Yadav et al.

Stage 1 (CsC8) ³5.94 ³5.94

X-ray diffraction
This
study

Stage 2 (CsC24) ³9.41 ³6.06

Stage 3 (CsC36) 12.76 ³6.06

1978 Mizutani et al.

Stage 1 (CsC8)

— 5.94 X-ray diffraction 34Stage 2 (CsC24)

Stage 3 (CsC36)

1979 Leung et al.
Stage 1 (CsC8) 5.95 ³5.95 X-ray diffraction

(MoK¡)
35

Stage 2 (CsC24) 9.36 ³6.01

1981 Sano et al. Stage 1 (CsC8) 5.96 5.96 X-ray diffraction 36

1981 Wada et al. Stage 1 (CsC8) ³5.943 ³5.943 X-ray diffraction 37

1981 Leung et al.
Stage 1 5.95 5.95

X-ray diffraction 38
Stage 2 9.37 6.02
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help to mitigate the negative effect of unnecessarily thick SEI
formation and to obtain higher reversible capacities.

The long plateaus corresponding to the formation of stage-1
GICs in the charge process lie within a similar potential range with
small differences of 0.2–0.3V, i.e., ¹3.0V (vs. Fc+/Fc) for Li,
¹3.15V for K, ¹3.1V for Rb, and ¹3.0V for Cs. Although the
potential polarizations are large for K-, Rb-, and Cs-systems, the
equilibrium potential between stage-1 and stage-2 GIC in each
system is considered to positively shift in the order of K < Rb < Cs
because both the charging and discharging curves of these three
systems move towards higher potentials in this order. In our
previous study, the charge–discharge behavior of a graphite negative
electrode was investigated using M[FSA]–[C3C1pyrr][FSA] (M =
Li, Na, K) IL electrolytes, which revealed that the virtual onset
potential of M-GIC formation is considered to shift negatively from
Li to K,19 which is consistent with the case of FTA-based ILs used in
the present study. Thus, it is concluded that the formation potential
of alkali metal-GICs, especially for the stage-1 compounds, is most
negative for the K-system, and it increases towards the Li- or Cs-
system. Since the formation mechanism of alkali metal GICs is
similar among K-, Rb-, and Cs-systems, the upshift in the Cs-GIC
formation potential can be simply explained by the GIC properties.
According to a previous report, structural deformation energy of
graphene layers and the binding energy in the presence of
intercalants are involved with phase transition from graphite to
GICs.39 There may be favorable interactions of graphene layers with
Cs+ ions having lower charge densities, which overcomes the
structural deformation energy of large-sized Cs+ ions.

4. Conclusions

In this study, the charge–discharge behavior of graphite negative
electrodes for Cs-ion batteries was investigated using the Cs[FTA]–
[C4C1pyrr][FTA] electrolyte at 298K. The initial charge and discharge
capacities of 304 and 185mAhg¹1 were achieved at a rate of 0.5C,
entailing the formation of stage-1 Cs-GIC (CsC8) with di = 5.94¡
confirmed by ex-situ XRD measurements. Finally, we compared the
electrochemical performance of various alkali metals in graphite and
revealed that the formation potential of all alkali metal GICs lies in a
similar potential region with a small difference of 0.2–0.3V.
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