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The electrochemical insertion of Rb into carbonaceous materials, including graphite, was achieved herein.
Rubidium ions were reversibly inserted into and extracted from graphite via electrochemical processes
using different non-aqueous electrolytes containing rubidium bis(trifluoromethanesulfonyllamide
(RbTFSA) salts in carbonate esters, glymes, and ionic liquids, similar to the process used for other lighter
alkali metal ions such as Li* and K*. The chemical compositions of the rubidiated graphite were
determined to be RbCg, RbC,4 and RbCsg at each step of the electrochemical reduction process.
Graphite underwent a phase transition to RbCg exhibiting a stage-1 structure, with stage-3 RbCszg and

stage-2 RbC,4 as intermediates, as confirmed by ex situ and in situ X-ray diffraction and ex situ Raman
Received 28th June 2023 t imilar to the electrochemical oh Wt f staged potassi hite int lati
Accepted 13th Septermber 2023 spectroscopy, similar to the electrochemical phase evolution of staged potassium graphite intercalation

compounds (K-GICs). Furthermore, Rb was reversibly inserted into and extracted from graphitizable and

DOI: 10.1039/d35c032819 non-graphitizable carbons such as pitch-derived soft carbon and commercial hard carbon, along with
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Introduction

Graphite is known to form alkali metal-graphite intercalation
compounds (A-GICs) in which alkali metals are incorporated
into the interlayer spaces of graphite via chemical or electro-
chemical processes."” A-GICs have characteristic layered struc-
tures called “stage structures,” where layers of intercalated
chemical species called “intercalants” are regularly located at
intervals along a fixed number of graphene layers. In many
studies on GICs, the layered structures are denoted as ‘stage n,’
where 7 is the number of graphene layers sandwiched between
the intercalant layers. The stage structures can be controlled by
varying parameters such as the temperature, pressure, chemical
potential of the alkali metals, and electrochemical potential of
the host graphite electrode. Due to their controllable structures
and various physical properties, which depend on the inter-
calants and stage numbers, GICs have been studied for appli-
cation as chemical reagents, catalysts, conducting materials,
hydrogen storage materials, and battery materials.*

The first GICs of heavy alkali metals such as K, Rb, and Cs
were discovered in 1926,* followed by the discovery of Li-GICs in
1975.* In the early days of such research, GIC samples were
often prepared through direct chemical reaction of the host
graphite with elemental alkali metals. The typical method for
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other alkali metals such as Li, Na, and K.

synthesizing GICs involved a chemical process called the ‘two-
bulb method,’ in which the host graphite was in contact with
the vapor of an alkali metal in a vacuum tube.* Other methods
such as mechanical mixing,> pressurization,” and catalytic
processes® have also been used to synthesize alkali metal GICs.

Several electrochemical processes have been developed for
the synthesis of Li-GICs using poly(ethylene oxide)-based elec-
trolytes” and ethylene carbonate-containing electrolytes.®
Furthermore, the electrochemistry of Li-GICs has been exten-
sively investigated, geared towards applications in rechargeable
Li-ion batteries with negative electrode reactions.’ The effects of
differences in the host graphite,'>'* electrolyte composition,****
reaction temperature,'*** and other factors'® on the formation
of Li-GICs via electrochemical processes and the resultant
structures have been studied in detail, although Li-GICs were
discovered much later than other alkali-metal GICs.

Recently, three research groups, including ours, reported
electrochemical K intercalation into graphite at room
temperature.””*® In these reports, the stepwise electrochemical
formation of stage-1, stage-2, and stage-3 K-GIC phases was
successfully confirmed using ex situ X-ray diffraction (XRD) and
Raman spectroscopy techniques. Since then, K-GIC has been
widely researched as a promising candidate negative electrode
material for K-ion batteries (an alternative to Li-ion batteries)
because of the much higher earth-abundance of potassium
compared to lithium.>®

However, the electrochemistry of Rb- and Cs-GICs has not
been as actively studied as those of Li- and K-GICs, plausibly
because of the lack of application of the former as battery

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials. In addition to our earlier work on Rb-GICs,** Yadav
et al. recently evaluated electrochemical Rb storage in graphite.
However, the reversible capacity for Rb storage obtained by
Yadav et al. was approximately 200 mA h g, which is lower
than the theoretical limit of 279 mA h g™, corresponding to
stage-1 RbCg, and is insufficient to definitively confirm Rb
intercalation.?® Herein, for the first time, we demonstrate the
electrochemical intercalation of Rb into graphite with a high
reversible capacity that approaches the theoretical capacity of
279 mA h g7, assuming the chemical composition of RbCs,
based on comparative electrochemical and structural analysis
of K-GICs.?® Moreover, the electrochemical insertion of alkali
metals (Li, Na, K, and Rb) into amorphous carbon materials
such as soft and hard carbon is systematically compared and
studied.

Experimental
Synthesis of RbTFSA salt

RbTFSA, as a Rb" source in the electrolytes, was synthesized via
a simple neutralization reaction, as described in previous
studies.®* A 25 g portion of hydrogen bis(tri-
fluoromethanesulfonyl)amide (HTFSA; Tokyo Chemical Industry)
was dissolved in 250 mL of ethanol. Rb,CO; powder (10 mol%
excess stoichiometric ratio of RbTFSA, Sigma-Aldrich) was added
to the solution and stirred overnight. After confirming complete
neutralization by checking the pH, the excess Rb,CO; powder
remaining in the solution was filtered, and ethanol was removed
under vacuum using a rotary evaporator. The resulting mixture of
RbTFSA and a small amount of residual Rb,CO; was added to
diethyl carbonate (DEC). Because of the difference in solubility,
RbTFSA dissolved in DEC, whereas Rb,CO; remained undis-
solved. The RbTFSA/DEC solution and residual Rb,CO; were
separated by vacuum filtration, and the RbTFSA powder was
obtained as the target product by evaporating the DEC solvent
from the filtrate using a rotary evaporator.

Electrode preparation and electrochemical measurements

To prepare the graphite electrode, natural graphite powder
(SNO3, SEC Carbon) and a carboxymethylcellulose binder
(Daicel Miraizu) at a weight ratio of 95:5 were mixed in
deionized water (as a dispersion medium) to form a slurry,
which was applied onto Cu or Al foil. Lab-made soft carbon and
commercial hard carbon (Carbotron P(J), Kureha) electrodes
consisting of 90% active material, 5% acetylene black (Li-400,
Denka), and 5% sodium polyacrylate binder (Kishida Chem-
ical) were prepared in a similar manner. Mass loading of the
carbon electrodes was approximately 1.5 mg cm 2. Soft carbon
powder was prepared by heating needle coke at 1200 °C for 2 h
under steady Ar flow in a tubular furnace.

The electrolytes were prepared by mixing appropriate
amounts of the alkali metal salts with the solvents. All the salts
and solvents were stored in an Ar-filled glove-box. Lithium
bis(fluorosulfonyl)amide (LiTFSA), potassium bis(-
fluorosulfonyl)amide (KTFSA), N-methyl-N-propylpyrrolidinium
bis(fluorosulfonyl)amide ([C3C;pyrr][FSA]), and N-methyl-N-
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propylpyrrolidinium bis(trifluoromethanesulfonyl)amide
([C3Cypyrr|[TFSA]) were purchased from Kanto Chemical.
Sodium bis(trifluoromethanesulfonyl)amide (NaTFSA),
ethylene carbonate (EC), propylene carbonate (PC), diethyl
carbonate (DEC), triglyme (G3), and tetraglyme (G4) were
purchased from Kishida Chemical. Cesium bis(tri-
fluoromethanesulfonyl)amide (CsTFSA) was purchased from
Tokyo Chemical Industry. All alkali metal salts were vacuum-
dried at 110 °C before use, and all the solvents were used as
received.

Electrochemical measurements of the graphite and amor-
phous carbon electrodes were performed using a 2032-coin type
cell (Hohsen) or a three-electrode cell (Toyo System). A glass-
fiber filter (GB-100R, Advantec) was used as the separator.
Disc-shaped and ring-shaped samples of the elemental alkali
metals were used as the counter and reference electrodes,
respectively, in the three-electrode cells. Reagent-grade Li
(>99.8%), Na (>99%), K, (>97%), and Rb (>99.6%) metal was
purchased from Honjo Chemical, Kanto Chemical, Nacalai
Tesque, and Aldrich, respectively. As-purchased Li metal foil
was punched into discs of appropriate size for use. Other metals
were purchased in lumps and were pressed into foil using
a seam roller.”® Metal discs for counter electrodes were made by
punching the metal foil, and metal rings for reference elec-
trodes of three-electrode system were prepared by cutting the
foil into thin strips and rounding them.

To measure the electrode potential of each alkali metal,
a Ag'/Ag reference electrode was used in a two-compartment
three-electrode cell (SB1A, EC Frontier) without separators.
The Ag'/Ag reference was composed of a Ag wire soaked in
AZ0.02[C3C1pyr1]o.0s| TFSA]y o[FSA]os electrolyte, a mixture of
AgTFSA (Tokyo Chemical Industry), [C;C;pyrr][TFSA], and
[C3Cypyrr][FSA] in a molar ratio of 2:18: 80. Activated carbon
(YP50F, Kuraray Co., Ltd.) mixed with Ketjen black (EC600]D,
Lion Specialty Chemicals Co., Ltd.) and a polytetrafluoro-
ethylene binder (PTFE, F-104, Daikin Industries, Ltd.) in
a weight ratio of 80:10:10 was pressed onto a Ti mesh for use
as the counter electrode for the SB1A cell. The illustration of the
two-compartment cell is shown in Fig. S1.1 For the operando X-
ray diffraction (XRD) measurements, a custom-made three-
electrode cell (EC Frontier) with a Be X-ray transmission
window was used. Open-circuit voltage (OCV) measurements of
carbon electrodes were performed using coin-type cells in the
following procedure: a constant current of 12.4 mA g~ for the Li
cells and 9.3 mA g for the other cells was applied for 30 min,
followed by a relaxation time of 3 h, after which the OCV was
recorded. This process was repeated until the voltage reached
0V for the reduction process and 2 V for the oxidation process.
To eliminate the effect of electrolyte decomposition during the
first few cycles, OCV measurements were performed in the sixth
cycle after pre-cycling for the first five cycles. All electrochemical
measurements were performed at room temperature (20-30 °C).

Material characterization

The structures of the active material powder and composite
electrodes were characterized using X-ray diffractometers
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(SmartLab for powder and ex situ measurements and MultiFlex
for operando measurements, Rigaku Corporation). A homemade
airtight sample holder was used to prevent exposure of the
samples to air during ex situ XRD analysis of the graphite
electrodes post electrochemical testing. The morphologies of
the active materials were observed by scanning electron
microscopy (SEM, JCM-6000, JEOL Limited). Raman spectra of
the graphite electrodes were recorded using a laser Raman
spectrometer (Raman 11i, Nanophoton). A 532 nm green laser
was used as the excitation source for the spectroscopic analysis.
During the ex situ Raman spectroscopy measurements, an
electrode sample was placed between a slide glass and a thin
cover glass, and vacuum grease was applied between the slide
and cover glasses to prevent exposure of the sample to air.

Results and discussions
Electrochemistry of elemental alkali metals

Before electrochemical analysis of the graphite electrode in the
RD cells, we investigated the electrochemistry of Rb metal as
a reference and counter electrode. In the case of Na and K
systems, it is known that Na and K metal electrodes exhibit
remarkably unstable potential, making them unreliable as
reference electrodes,”> necessitating optimization of the
electrolyte composition for each alkali metal. In this study, we
selected an ionic liquid containing the FSA anion as the stan-
dard electrolyte because it has been reported that the surface of
alkali metals is more stable®® and the intercalation reactions of
Li or K into graphite are more reversible in ionic liquid elec-
trolytes of such compositions than in conventional carbonate-
ester-based organic electrolytes.”® Although we previously used
a mixture of KFSA and [C;C;pyrr][FSA] as the electrolyte for
electrochemical K intercalation into graphite,* the RbFSA salt
is not commercially available, to the best of our knowledge.
Therefore, we used the RbTFSA salt, which is more chemically
stable®® and easier to synthesize than the RbFSA salt,***" as the
source of Rb" ions in the electrolyte. The ionic liquid electrolyte
was prepared by mixing 20 mol% of the alkali metal TFSA salt
with 80 mol% of [C3C,pyrr][FSA]. However, in the case of the Cs
system, the CsTFSA salt did not dissolve completely in
[C3Cypyrr][FSA]. Thus, saturated CsTFSA/[C3;Cypyrr][FSA] was
used as the electrolyte in the Cs system for comparison with the
Li, Na, K, and Rb systems in later experiments.

Fig. 1a shows the potentials of the Cu substrates on which
the alkali metals were electrochemically plated in the A, ,[Cs-
C1pyrro.s[TFSA]o [FSA]o.s electrolytes. In this experiment, the
open-circuit voltage of the Cu working electrode was monitored
for 24 h after electrochemical plating of the alkali metal by
applying a current density of —25 pA cm ™2 for 5 h. The observed
potentials of the Li*/Li, Na'/Na, K'/K, Rb*/Rb, and Cs"/Cs redox
couples were 0, +0.13, —0.23, —0.27, and —0.39 V vs. Li'/Li,
respectively. A trend in which heavier alkali metals have lower
electrode potentials was confirmed, except in the case of Li'/Li
and Na'/Na. In a previous study by Yamamoto et al. on the
electrode potentials of alkali metals in ionic liquid electrolytes
containing a pyrrolidinium cation and a (fluorosulfonyl)(tri-
fluoromethanesulfonyl)amide anion,* similar values were
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Fig. 1 (a) Plot of potential versus time during/after electrochemical
plating of alkali metals on Cu foil at 25 pA cm™2. (b) Cell voltage of
alkali-metal symmetric cells under reverse constant current of £25 pA

cm™2. (c) Enlarged view of a part of (b) enclosed by dotted line. (d)

Nyquist plots for alkali-metal symmetric cells. (e) Enlarged view of (d).

obtained with corresponding trends. The electrode potential of
each alkali metal had a stable, constant value for at least 24 h.
Thus, Rb metal can be used as a reliable reference electrode
with the present ionic liquid-based electrolytes.

In subsequent experiments, we used commercially available
elemental alkali metals, including metallic Rb, to prepare alkali
metal electrodes. Rb metal was carefully and safely handled
from glass ampoules in an Ar-filled glove-box (see Fig. S27)
owing to its extremely high reactivity, low melting point (39 °C),
and hazardous nature. Fig. 1b and c show the cell voltage curves
of the A//A symmetric cell, to which a current density of 25 pA
cm~? was applied. Although there was a trend toward greater
polarization in the case of the heavier alkali metals, the average
cell voltage of Rb//Rb (~103 mV) was not significantly higher
than that of K//K (~99 mV), which is consistent with the Nyquist
plots from the electrochemical impedance spectroscopy (EIS)
data for the A//A symmetric cells (see Fig. 1d and e). Semicircles
were observed in the plots for each cell and their combinations.
The resistance includes the resistance of the alkali metal-elec-
trolyte interface. The Li//Li and Na//Na cells showed relatively
small resistances of approximately 0.14 and 0.63 kQ, respec-
tively. In comparison, the interface resistance of the K//K and
Rb//Rb cells was more than one order of magnitude higher, with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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very large values of 12 and 18 kQ, respectively. The overall trend
is consistent with the previously reported EIS data for Li//Li,
Na//Na, and K//K symmetric cells with carbonate ester-based
electrolytes.>”** However, the difference in resistance between
the K//K and Rb//Rb cells was only a few tens of percent. Thus,
the effect of this difference in resistance on the overpotential of
the metal plating/stripping reaction was not significant when
Rb was used as the counter/reference electrode in the two-
electrode system. From the above results, we conclude that Rb
metal can be used not only as a reference electrode, but also as
a counter electrode in two- or three-electrode systems, analo-
gous to the use of K-metal cells in studies on electrode materials
for K-ion batteries.*

Electrochemical Rb intercalation into graphite

Galvanostatic reduction/oxidation testing of the graphite
composite electrode was performed using a three-electrode cell
with an Rb reference electrode and Rb counter electrode, at
a current density of 27.9 mA g~ (corresponding to C/10), in the
potential range of 0.005-2 V vs. Rb"/Rb. The graphite powder
used in this study comprised natural graphite flakes with
a small particle size of approximately 3 pm (Fig. S31). The
potential versus capacity profile (the same as the charge/
discharge profile for battery testing) is shown in Fig. 2a. A
reversible oxidation capacity of 276 mA h g~ was obtained in
the 1st cycle, which corresponds to the chemical composition of
Rby 99Cg (=RbCjs 09), i.€., the formation of stage-1 Rb-GIC and
RbC; in the fully reduced state via an electrochemical process.
The Coulombic efficiency in the 1st cycle was 86.5%. The
remaining irreversible capacity of 13.5% is possibly due to
cathodic electrolyte decomposition and formation of a surface
layer on the electrode, which is called solid electrolyte inter-
phase (SEI) in the chemistry of battery materials.**** The SEI
layer on the graphite electrode should conduct Rb* ions and be
electron insulating to passivate the electrode.

Galvanostatic tests were also performed on the graphite
electrode in a coin-type cell equipped with a Rb counter elec-
trode, at a lower current density of C/20. The reduction/
oxidation profile is shown in Fig. 2b and compared with that
of the three-electrode cell. Despite the greater polarization of
the Rb counter electrode (vide supra), the graphite working
electrode exhibited almost the same reversible capacity as the
three-electrode cell. The results show that the coin-type cell with
the two-electrode system can also be used for electrochemical
evaluation of “Rb cells” at a sufficiently small current density. In
addition, the galvanostatic reduction-oxidation curves of
graphite electrodes with different current collectors, Cu or Al,
are shown in Fig. S4.f It is generally known that Al current
collector cannot be used for Li-GICs since Li forms alloys with Al
via an electrochemical process. In contrast, Al current collector
is available for K-GICs due to the absence of K-Al alloys,* and
the same is true for Rb-GICs.

The galvanostatic reduction/oxidation profiles of graphite in
Li, Na, K, and Rb cells, measured using coin-type cells, are
shown in Fig. S5.1 In our previous report, graphite in Li and K
cells delivered reversible capacities corresponding to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Galvanostatic reduction/oxidation curves of graphite elec-
trode in three-electrode cell. (b) Comparison of reduction/oxidation
curves of graphite electrodes in three-electrode cell and coin-type
cell. OCV profiles of graphite electrodes in (c) Li, (d) K, and (e) Rb cells.
The OCV values are plotted as colored circles and the cell voltage
profiles during polarization are drawn as solid gray lines. (f) Differential
curves of OCV profiles in (c), (d), and (e).

formation of stage-1 Li-GIC (LiCe) and stage-1 K-GIC (KCg),
whereas the formation of Na-GICs by graphite in Na cells was
limited, and thus provided a negligible reversible capacity.’®
Fig. 2c-f display the open-circuit voltage (OCV) as a function of
the molar fraction of alkali metals in the A-GICs and the
differential OCV vs. voltage plot for graphite in the Li, K, and Rb
cells. Although the steps were ill-defined in the OCV profiles of
the K- and Rb-GICs but a stepwise profile was observed for the
Li-GICs, the plateau-like potential profiles indicate that two-
phase reactions occurred during the alkali ion (de)intercala-
tion process. These reactions involve two adjacent stage struc-
tures as two different phases; that is, a pair comprising stage-3
and stage-2, or a pair comprising stage-2 and stage-1.%” Notably,
the reversible capacity and overall shape of the OCV profiles of
the K and Rb cells were almost identical, except for the plateau
potential values. The well-matched OCV profiles suggest that
the phase transitions of K- and Rb-GICs proceed via the same
transition mechanism. In Fig. 2c-e, the chemical compositions
corresponding to the boundaries of the adjacent plateaus are
LiC,5, LiC;,, and LiCg in the Li cell; KC;z¢, KC,,4, and KCg in the K
cells; and RbC;4, RbC,,4, and RbCg in the Rb cells. It has been
reported that heavy alkali metal GICs form stage-1 and stage-n

Chem. Sci., 2023, 14, 1056-11066 | 11059
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stage structures with respective chemical compositions of ACg
AC,,,, where n > 1.

Characterization of Rb-inserted graphite

To confirm the stage structure of “rubidiated” graphite, the
graphite electrode was subjected to ex situ analysis at 0.4, 0.35,
and 0.001 V in the reduction process and at 2 V after reox-
idation. The potentials of 0.4 and 0.35 V correspond to the
plateau boundary of RbCss and RbC,,, respectively (Fig. 2e),
whereas the potentials of 0.001 and 2 V correspond to the fully
reduced and re-oxidized states, respectively. The optical images
of the graphite electrodes at each potential are shown in Fig. 3a.
The graphite composite electrodes maintained a black colora-
tion during the rubidiation process until the potential reached
0.4 V, but turned dark blue at 0.35 V. Eventually, the fully
rubidiated electrode became a bright orange color. These color
changes are the same as those observed for chemically prepared
Rb-GICs and other heavy alkali-metal GICs in previous
literature.™*

The ex situ XRD patterns and Raman spectra of the graphite
electrodes that were reduced or reoxidized to a given potential
are shown in Fig. 3b and c. The pattern of the electrochemically
reduced graphite electrode showed two sharp diffraction peaks
at lower and higher angles than the 002 diffraction peak of
pristine graphite. These peaks are assigned to the 00n and 00(n
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Fig. 3 (a) Photographs of graphite electrodes electrochemically
reduced in Rb cells. (b) Ex situ XRD patterns and (c) ex situ Raman
spectra of graphite electrodes. (d) Crystal structure model of stage-1
Rb-GIC, RbCg, based on consideration of the in-plane Rb arrange-
ment. (e) Plausible in-plane Rb arrangement in RbCg. The Greek letters
from o to d represent equivalent Rb positions.
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+ 1) diffraction peaks of stage-n Rb-GICs, where n = 3, 2, or 1
based on previous studies of the chemical preparation of Rb-
GICs. Note that the diffraction peaks of Rb-GICs were indexed
without accounting for the in-plane ordering of the Rb atoms,
despite the fact that the three-dimensional arrangement of
stage-1 Rb-GIC (RbCg) was estimated to be AaABAYAd in
a previous report,* where A represents the graphene layers, and
o, B, v, and d represent the in-plane ordered Rb atoms, as
illustrated in Fig. 4d and e. In this stage-1 crystal structure,
considering the in-plane ordering of Rb, the diffraction peaks of
stage-1 Rb-GIC should be indexed as 004 or 008 in crystallog-
raphy. The 002 diffraction peak of graphite was restored when
the electrode was re-oxidized to 2 V, reflecting the reversibility of
electrochemical Rb intercalation, as observed in the electro-
chemical test described above.

The ex situ Raman spectra of the pristine graphite electrode
(Fig. 2c) showed a single peak at ca. 1580 cm™ ", corresponding
to the E,, mode of sp” graphitic carbon,** often called the “G
band.” The intensity of the G band decreased upon electro-
chemical reduction to 0.4 and 0.35 V, while a new peak
appeared at ca. 1610 em™" and gradually gained intensity. The
new peak originates from the charged graphene layers adjacent
to the inserted Rb layer®® (see illustrations in Fig. S67), and is
thus often called the “G. band”, whilst the original G band of
uncharged graphene is called the “G,. band” in this context.*
The peak intensity ratio of the G. and G, bands (corresponding
to the ratio of the number of uncharged and charged graphene
layers) was ca. 2 at 0.4 V and <2 at 0.35 V. The data suggest the
formation of a stage-3 structure at 0.4 V and stage-2 structure at
0.35 V, which is consistent with ex situ XRD measurements. The
spectrum of the fully reduced electrode showed a broadened
peak over a wide wavenumber range of ~1200-1600 cm
whereas the G,. and G. bands disappeared. This result is
unexpected based on the model shown in Fig. S6,t but is
a commonly observed feature of stage-1 A-GICs.'®*° The Gy
band was recovered by reoxidation at 2 V, which corresponds to
the ex situ XRD data. The electrochemical measurements and ex
situ characterization results confirmed the formation of stage-3
RbCj36, stage-2 RbC,,, and stage-1 RbCg during the reduction
process. Since these observations provide sufficient evidence
demonstrating the electrochemically reversible intercalation of
Rb into graphite, the phase evolution was studied in detail
using operando XRD.

Phase transition of A-GICs via electrochemical process

Operando XRD was used to study the dynamic electrochemical
phase evolution of the A-GICs. The potential-capacity plots of
the graphite electrodes are shown in Fig. S7;t in situ XRD data
were acquired for the electrodes employed in our custom-made
three-electrode cell. The graphite electrodes in each cell deliv-
ered a sufficient reversible capacity compared to those in the
coin cells, despite the difference in the cell configuration. The
diffraction patterns of the graphite electrodes obtained during
the early alkaliation process (in the 1st cycle) are shown in
Fig. 4a. For the Li cell, the 002 diffraction peak of graphite
continuously shifted to the peak position corresponding to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Operando XRD patterns of graphite electrodes during initial
reduction processes in Li, K, and Rb cells. Operando XRD patterns as
heat maps and corresponding reduction/oxidation curves of graphite
electrodes during 2nd cycle in (b) Li, (c) K, and (d) Rb cells. The black
line in the heat map of (d) is the area where diffraction caused by
irregular orientation of a cell component was observed (see Fig. S97).

stage-8, followed by a biphasic phase change to a lower-stage
structure. This observation is in agreement with previous
studies.’”** The continuous peak shift, which appears to be
associated with a solid-solution reaction, indicates the forma-
tion of a structure called ‘dilute stage-1’ before reaching the
higher stage, around stage 8. In contrast, the intensity of the 002

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diffraction peaks in the patterns of the K and Rb cells contin-
uously decreased, whereas the diffraction angle was maintained
at approximately 26.5°. The broad peak attributed to higher-
stage structures, such as stage 8 (judging from the diffraction
angle), gradually became more intense. In our previous study,*
we regarded the initial K" intercalation process in K-GICs as the
formation of higher-stage K-GICs with many stacking disorders,
in which K" layers are randomly distributed in the graphite
host. We termed such structures as a ‘disorderly stacked high
stage’. Based on the operando XRD results, the initial process of
Rb intercalation observed in this study was identical to the K
intercalation process in K-GICs; thus, Rb-GICs were found to
form a disorderly stacked high stage in the initial rubidiation
process.

The diffraction patterns of the graphite electrodes in each
cell after the 1st dealkaliation up to 2 V (vs. A"/A) are shown in
Fig. 8,7 along with those of the electrodes in the pristine state.
The 002 diffraction peaks in the XRD patterns of dealkaliated
graphite in the cells with the heavier alkali metals (K and Rb)
tended to have lower intensity and were broader, indicating that
the phase transition of the heavier alkali metal GICs is revers-
ible, but is accompanied by a decrease in crystallinity. The
operando XRD patterns of the graphite electrodes in the Li, K,
and RbD cells, collected at the 2nd cycle of the alkaliation and
dealkaliation process, are displayed in Fig. 4b-d as heat maps,
and in Fig. S9t as waterfall plots. A clear biphasic phase tran-
sition was observed in the Li cell during the major stages of both
lithiation and delithiation. As a structure unique to Li-GIC, the
so-called ‘stage 2L’ phase, which appeared only in the deli-
thiation process due to some kinetic effect,"****** was observed
between stage 2 and stage 3 in the Li cell. The observed overall
phase transition is in agreement with previous reports.*”*>*
Some recent reports suggest that there should be a more
complicated phase evolution in electrochemical alkali ion (de)
intercalation processes, where the presence of the stage-2 KCy,
phase with a KCsg-type in-plane K arrangement was proposed by
Liu et al.*® and our group.®” This is an interesting hysteresis of
the structure and chemical composition, unique to K-GICs,
which was not observed in the Li system. Given the similari-
ties in the electrochemistry and structural changes of the K- and
Rb-GICs, as described above, it is expected that the same
hysteresis will appear for Rb-GIC due to the stage-2 structure, as
observed in previous studies on K-GICs.*”*¢ In this study,
however, it was difficult to accurately determine and discuss the
chemical composition of RbC, and the hysteresis accompa-
nying the structural change because the in situ XRD system used
herein was not effectively hermetically sealed compared to
common battery-test cells, such as coin-type cells, leading to
atmospheric contamination; thus, the extremely reactive Rb
metal and/or Rb-GIC electrode suffered from irreversible side
reactions upon galvanostatic cycling in the in situ cell.

The effect of the type of alkali metal on the structural
changes of the GICs is reflected in the width of the diffraction
lines; that is, the crystallinity and coherent length of the GICs.
Compared with the Li cell, the diffraction peaks observed in the
XRD patterns of the K and Rb cells were relatively broad, and the
broadening was even greater in the case of the Rb cell. This
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observation implies that the coherence along the stacking axes
is reduced in heavier-alkali-metal GICs. The intercalation of
alkali ions with large ionic radii causes drastic structural
changes in the host graphite material. The tails of the diffrac-
tion peaks derived from adjacent stages in the K and Rb cells
appeared to be combined because of a progressive phase tran-
sition, as in the case of K-GIC.*” Thus, the phase changes were
ill-defined and did not appear to involve clear two-phase reac-
tions, especially in the transition between higher stages, such as
from stage 4 to 3 or from stage 3 to 2. These observations are
consistent with the Daumas-Hérold model, which is the most
widely accepted structural phase transition model for alkali-
metal GICs.> In the Daumas-Hérold model, partial deforma-
tion of the graphene sheets owing to alkali metal intercalation is
assumed, and the GICs are assumed to be composed of several
stage-structured domains. The staging reaction proceeds via the
movement of these deformations of the graphene sheets and
stage domains along the in-plane direction. Therefore, the
intercalation of larger alkali metal ions induces pronounced
deformation and strain in the graphene sheets, as assumed in
the Daumas-Hérold model (see Fig. S107).

Effect of electrolyte

Various non-aqueous solutions were also evaluated as electro-
lytes for the electrochemical Rb intercalation reactions based
on the knowledge of electrolytes for Li-, Na-, and K-ion
batteries.”® The galvanostatic reduction/oxidation profiles of
the graphite electrode in ionic liquid electrolytes, namely,
Rby »[C3C1pyrr]o s[TFSA]y 2[FSA]y s (referred to as “FSA-based IL”
here) and Rb ,[C3C1pyrr]o s[TFSA]; o (referred to as “TFSA-based
IL”), are shown in Fig. 5a. Almost no reversible capacity was
obtained for the TFSA-based IL, whereas the formation of RbCg
was confirmed for the FSA-based IL, as discussed above. A
similar trend to that observed for Li-GICs in a previous study*”**
was observed, which can be explained further by the ability of
the FSA anion to form a more suitable SEI layer on the surface of
the graphite and Rb metal electrodes through reductive
decomposition, compared to the TFSA anion.?**%*°
Conventional organic solvent-based electrolytes such as
carbonate esters and glymes were further evaluated because
ethylene carbonate (EC)-based electrolytes are typically used
and glyme-based electrolytes that contain highly concentrated
alkali metal salts have recently received much attention in the
study of Li-GICs™*' and K-GICs.*>** Interestingly, in these
experiments, we found that equimolar mixtures of RbTFSA and
G3 or G4 were in the liquid state, whereas those of NaTFSA or
KTFSA and G3 or G4 were in the solid state at room tempera-
ture.* The relationship between the species of alkali metals,
including Rb and Cs, and the chain length of the glyme solvents
is currently under study and has been reported elsewhere.
Fig. 5b presents a comparison of the derubidiation curves of the
graphite electrode in certain organic solvent-based electrolytes
with those of the FSA-based IL. The reduction/oxidation curves
for each electrolyte are shown in Fig. S10 and S11.f Similar
reversible capacities and potential changes corresponding to
the formation of stage 1 Rb-GICs were obtained for both
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trodes in Rbovz[Cgclpyrr]O_g[TFSA]o_z[FSA]o_g and Rbo_z[CgClpyrr]ovg['
TFSAl o electrolyte. (b) Galvanostatic oxidation curves of graphite
electrodes in non-aqueous organic electrolytes.

conventional EC-based and concentrated glyme-based electro-
Iytes. The reversible Rb intercalation obtained in EC-based
electrolytes, despite the absence of FSA anions, plausibly orig-
inates from SEI formation through EC decomposition. A large
irreversible capacity was observed, which was possibly due to
the continuous electrolyte decomposition and exfoliation of
graphite particles in the first reduction process in the case of
1 mol kg~ " RbTFSA/PC, as shown in Fig. S9b.1 This tendency is
well-known in the Li system™ and has also been observed in the
K system.?” Reversible Rb intercalation was also observed in the
glyme-based concentrated RbTFSA electrolyte in the absence of
either the FSA anion or EC. This can be explained by the
inversion of the co-intercalation potential of [Rb(glyme)]" and
the intercalation potential of desolvated Rb" in highly concen-
trated electrolytes, referred to as ‘solvate ionic liquids’,* as
proposed by Moon et al. for the Li-GIC system,*" or may be due
to specific SEI formation in concentrated electrolytes even in the
absence of the FSA anion. In the case of moderately concen-
trated (1 mol kg™ ') electrolytes (Fig. S121), the formation of
RbCg was not confirmed from the rubidiation/derubidiation
curves. Instead, some reversible reactions proceeded at a far
higher potential of approximately 1 V vs. Rb*/Rb, which corre-
sponds to the co-intercalation of alkali metal-glyme complexes
of [A(glyme)]’, as commonly observed for the systems of Li, Na,
and K and ether solvents including glymes®** and other
organic solvents such as dimethyl sulfoxide.®® Although the
mechanism of the co-intercalation reaction and the exact and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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detailed structures of the corresponding ternary GICs are not
known and are under debate, even for Li, Na, and K systems, the
electrode reaction or structure of ternary [Rb(glyme)]"-GICs was
first demonstrated in this study. Detailed characterization is
also in progress and will be reported elsewhere.

Electrochemical Rb insertion into amorphous carbons

We further studied electrochemical Rb insertion into soft
carbon (SC) and hard carbon (HC), also known as ‘graphitizable
carbon’ and ‘non-graphitizable carbon,’ respectively, because
these carbon materials show high redox activity as Li, Na, or K
insertion hosts.'”*>%* The XRD patterns and SEM images of the
SC and HC are shown in Fig. 6a-c. The diffraction patterns of SC
and HC used in this study were typical for coke-derived carbon
heated at approximately 1200 °C, which can be converted into
graphite by further heating,** and non-graphitizable carbon
composed of pseudo-graphitic nanodomains and nanovoids,
respectively, based on the broadened diffraction lines, intensity
ratio of the 002graphite and 100/101grapnire peaks, and the
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Fig. 6 (a) Powder XRD patterns of natural graphite, SC, and HC. SEM

images of (b) SC and (c) HC powder. OCV profiles of (d) Li//SC, (e) Na//
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cells. The OCV values are plotted as colored circles and the cell voltage
profiles during polarization are drawn as solid gray lines.
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intensity of scattering in the low-angle region. Both materials
comprised unoriented, ruggedly shaped particles with diame-
ters of a few to several tens of micrometers.

The constant-current reduction/oxidation curves of the SC in
the Li, Na, K, and Rb cells are shown in Fig. S13a-d,T and the
corresponding OCV profiles are shown in Fig. 6d-g, respec-
tively. The reversible capacities of the SC in the Li, Na, K, and Rb
cells in the 1st cycle were 269, 121, 231, and 241 mA h g™},
respectively. Based on the reversible capacity values, the
chemical compositions of the alkali-metal-inserted SCs were
estimated to be LiCg 3, NaC;g 4, KCo 7, and RbCg 3. The poten-
tial-capacity profiles of all the cells showed slopes with no
potential plateaus, although the capacities varied with the alkali
metal species. Because typical SC materials have graphite-like
layered structures containing turbostratic graphene layers and
various types of defect sites, it has been widely reported that Li",
Na‘, and K" are electrochemically stored both by adsorption on
the defect sites and intercalation into the interlayer space; thus,
the potential profiles had gentle slopes due to the complicated
alkali insertion and adsorption process.®”®*** The present
experiments show that the sodiation capacity is much smaller
than that of the other alkali metals. The mechanism of alkali
metal insertion into the SC is more similar to that of graphite
than that of alkali metal insertion into HC (see below). Thus,
alkali metals that can be inserted into the interlayer of graphite
should also be similarly inserted into the SC. The potassiation
and rubidiation capacities of SC were almost equivalent, which
may be associated with the similar chemical compositions and
(de)intercalation mechanisms of K- and Rb-GICs.

The reduction/oxidation curves of HC in the Li, Na, K, and Rb
cells are shown in Fig. S13e-h,T and the corresponding OCV
profiles are shown in Fig. 6h-k. The reversible capacities of HC
in the Li, Na, K, and Rb cells during the 1st cycle were 263, 249,
188, and 160, respectively. Based on the reversible capacities,
the estimated compositions of the alkali-metal-containing HCs
are LiCgq 5, NaCy 4, KC11.9, and RbC;3 4. The potential profiles of
the Li and Na cells consist of a slope in the higher potential
region between 1.0 and 0.1 V and a plateau at lower potentials
close to the standard electrode potential of the alkali metal.
Although the mechanism of alkali metal insertion into HC is
still under debate, leading studies on HCs as negative electrode
materials for Li- or Na-ion batteries suggest that adsorption on
defect sites, intercalation into the interlayer of graphite-like
domains, and formation of quasi-metallic Li or Na clusters in
nanopores occur in the stated order from high to low potential,
close to A"/A.%°7® The formation of quasi-metallic clusters at
lower potentials explains why some HC materials exhibit
significantly large Na storage capacities that exceed the stoi-
chiometric composition of NaCe.”® The mechanism by which K
is inserted into HC has been less investigated and is less
understood than that of the Li and Na systems, and no direct
evidence of the formation of quasi-metallic K clusters, as in the
case of Li and Na, has been reported, to the best of our
knowledge. Although the OCV profiles of the K//HC and Rb//HC
cells were similar, including the absence of a low-potential
plateau, the remarkable polarization upon (de)alkaliation was
more pronounced in the Rb cell than in the K//HC cell. The
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difference in the polarization between the K//HC and Rb//HC
cells was more noticeable than that between the K//graphite
and Rb//graphite cells, as shown in Fig. 2d and e, or K//SC
and Rb//SC cells in Fig. 6f and g, which accounts for not only
the difference in the plating/stripping overvoltage between the
K and Rb metal counter electrodes, but also for some intrinsic
variation in the insertion mechanism of K and Rb into the HC
materials.

In this study, we systematically investigated the electro-
chemical insertion of rubidium into graphite and disordered
carbon electrodes in several electrolyte media at room temper-
ature by comparing the insertion of Li, Na, and K, which we
have previously studied. In the future, the interface and inter-
phase chemistry of Rb-inserted carbon electrodes should be
studied to understand the charge-transfer process, including
the desolvation of solvated Rb" ions at the electrolyte/electrode
interface. We emphasize the importance of not only battery
technology, but also fundamental studies on the intercalation
chemistry of group 1 alkali metals in various host materials.

Conclusions

The reversible electrochemical insertion of Rb into carbonaceous
materials was demonstrated and systematically compared with
the corresponding insertion of Li, Na, and K. Analysis of the
galvanostatic reduction/oxidation of the graphite electrode
showed that a reversible capacity of nearly 279 mA h g~' was
obtained for the insertion of Rb" ions into graphite. The chem-
ical composition of the electrode in the fully reduced state, as
calculated from the reversible capacity, corresponded to RbCg.
Electrochemically synthesized Rb-GICs showed similar behavior
to other alkali metal GICs, but different characteristics that were
clearly affected by the ionic radius of the inserted cation. The
stepwise potential profile of the graphite electrode and ex situ
characterization of the electrode employed in the Rb cell indi-
cated that the Rb insertion reaction consisted of several biphasic
reactions, in which two different stage structures coexisted. The
electrochemical structural changes in Li-, K-, and Rb-GICs were
investigated and compared using operando XRD techniques,
demonstrating that the formation of GICs proceeds with more
structural defects along the stacking direction for alkali metal
GICs with larger atomic sizes. This observation supports the
conventional Daumas-Hérold model, which considers partial
deformation of graphene sheets owing to the insertion of inter-
calants. Additionally, it was confirmed that solvated Rb" can be
directly and electrochemically inserted into graphite in an ether-
based electrolyte and that Rb can be inserted into graphite and
amorphous carbon materials such as SC and HC. While this
study of Rb-GICs is not directly useful for the development of
energy devices similar to those of Li- and K-GICs, we believe that
our work contributes to the progress of systematic research on
GICs.
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