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owing to the doubled or tripled electron 
exchange per charge carrier, potentially 
leading to both higher energy density and 
power density.[2–8] Specifically, Mg2+,[2,3,9] 
Al,3+[4] and Ca2+[6–8] have attracted inten-
sive interest in the research community 
because of their natural abundance, light-
weight, and stable multivalent states. 
Moreover, an electrochemical system 
employing calcium is capable of offering 
the highest voltage among these systems 
with a reduction potential (−2.9 V vs 
standard hydrogen electrode, SHE) that 
is lower than that of magnesium (−2.4 V 
vs SHE) and aluminum (−1.7 V vs SHE), 
and comparable to that of lithium (−3.0 V 
vs SHE), implying the potential promise 
of calcium-ion batteries (CIBs).[3,6–8] Nev-
ertheless, progress in the development of 
CIBs has thus far been stalled by several 
fundamental challenges. i) The use of Ca 
metal as an anode is not trivial owing to 
the ion-blocking solid electrolyte inter-
phase (SEI) formed at the surface of Ca 

metal in conventional electrolytes.[6–8,10] ii) In addition, the dif-
fusion kinetics of divalent calcium ions within intercalation 
hosts is unacceptably sluggish arising from the strong electro-
static interaction between Ca2+ and the host structure, thereby 
leading to poor rate performance of CIBs.[11,12] iii) Finally, the 
multivalent calcium ions generally form a strong solvation 

Calcium-ion batteries (CIBs) are considered to be promising next-generation 
energy storage systems because of the natural abundance of calcium and 
the multivalent calcium ions with low redox potential close to that of lithium. 
However, the practical realization of high-energy and high-power CIBs is elusive 
owing to the lack of suitable electrodes and the sluggish diffusion of calcium 
ions in most intercalation hosts. Herein, it is demonstrated that calcium-ion 
intercalation can be remarkably fast and reversible in natural graphite, 
constituting the first step toward the realization of high-power calcium 
electrodes. It is shown that a graphite electrode exhibits an exceptionally 
high rate capability up to 2 A g−1, delivering ≈75% of the specific capacity 
at 50 mA g−1 with full calcium intercalation in graphite corresponding to 
≈97 mAh g−1. Moreover, the capacity stably maintains over 200 cycles without 
notable cycle degradation. It is found that the calcium ions are intercalated 
into graphite galleries with a staging process. The intercalation mechanisms 
of the “calciated” graphite are elucidated using a suite of techniques including 
synchrotron in situ X-ray diffraction, nuclear magnetic resonance, and first-
principles calculations. The versatile intercalation chemistry of graphite 
observed here is expected to spur the development of high-power CIBs.

Recently, exhaustive efforts have been devoted to exploring new 
energy storage systems with higher energy density, longer life, 
and lower cost than that offered by current lithium-ion bat-
teries to cope with the growing demand for electric vehicles 
and the storage of electricity from renewable energy sources.[1] 
Multivalent ion batteries are considered promising alternatives 
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structure with solvent molecules in the electrolyte; thus, 
high energy is required to break the solvation, resulting in 
slow charge-transfer kinetics during intercalation.[6,11] In this 
respect, the discovery of a calcium host material or strategy that 
can mitigate these issues has long been awaited.

Graphite is one of the most well-known anode materials 
for lithium-ion batteries because of the capability of reversible 
lithium intercalation.[13] The reversible and fast intercala-
tion of lithium in graphite at a low potential along with its 
low cost has made graphite the most commercially successful 
material for lithium-battery chemistry. Early studies demon-
strated that graphite could also accommodate a wide range of 
other guest species, including multivalent ions such as mag-
nesium, calcium, barium, and aluminum, forming graphite 
intercalation compounds (GICs) under certain conditions.[14] 
In addition, large anions, such as PF6

−, CF3SO3
−, and AlCl4−, 

have also been reversibly (de)intercalated in graphite galleries, 
constructing high-voltage and high-energy dual ion batteries.[15] 
Emery et al. showed that a Ca-based GIC with the stoichiometry 
of CaC6 could be chemically synthesized using highly oriented 
pyrolytic graphite and molten Li–Ca alloy at 350 °C.[16] More 
recently, Xu and Lerner reported that ternary GICs composed 
of alkaline-earth metals and organic molecules can be synthe-
sized at milder temperatures of 25–100 °C.[17] Although these 
studies suggest that graphite may allow calcium intercalation 
at relatively high temperature, the formation of Ca-based GICs 
under ambient conditions has not yet been proven. Moreover, 
it remains to be observed whether reversible de/intercalation 
of calcium ions in a graphite host is possible, which would 
serve as a basis for the electrochemical calcium storage in 

the graphite. Considering the wide applicability with low cost 
and proven success of graphite electrodes in lithium-ion bat-
teries, the application of graphite as a reversible calcium-ion 
host would be an important milestone toward the realization of 
room-temperature CIBs.

Herein, we demonstrate that reversible calcium intercala-
tion into graphite is feasible in a room-temperature electro-
chemical system when an appropriate electrolyte is selected 
and the solvation of calcium ions is strengthened. An elaborate 
search of various combinations of calcium salts and solvating 
agents is conducted, and a dimethylacetamide (DMAc)-based 
electrolyte is shown to enable the intercalation of calcium 
ions into graphite by forming a [Ca-(DMAc)4]C50 ternary GIC. 
Moreover, we reveal that the intercalation of calcium into the 
graphite electrode is remarkably reversible and kinetically fast, 
which enables the electrochemical cycling of the graphite elec-
trode over 200 cycles with negligible capacity fading as well 
as a high rate capability sustained up to 2 A g−1. The detailed 
intercalation processes and structures of the calciated graphite 
are elucidated by synchrotron in situ X-ray diffraction (XRD), 
ex situ Raman spectroscopy, Fourier-transform infrared (FTIR) 
spectroscopy, and 13C nuclear magnetic resonance (NMR) spec-
troscopy characterization along with density functional theory 
(DFT) calculations.

Figure 1a presents a schematic illustration of the electro-
chemical cell with natural graphite as the working electrode, a 
Ca metal counter electrode, and a 0.5 m Ca(BH4)2 DMAc electro-
lyte. We first performed galvanostatic discharging/charging of 
the cell at 50 mA g−1 between 0.2 and 1.5 V versus Ca2+/Ca. 
The graphite electrode exhibited an initial discharge capacity of 
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Figure 1. Electrochemical performance of graphite anode in Ca-ion battery. a) Schematic of Ca-ion intercalation in graphite during discharging. b) Initial 
discharge/charge voltage profile of graphite anode at 50 mA g−1 between 0.2 and 1.5 V, inset image showing the corresponding dQ/dV curve. c) Cyclic 
capacities and Coulombic efficiencies at 100 mA g−1, note that after 50 cycles, the cells with cycled graphite electrode were rebuilt with fresh electrolyte 
and Ca metal every 40 cycles. d) Rate capacities from 50 to 2000 mA g−1.
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97 mAh g−1 and a Coulombic efficiency of 83.5% (Figure 1b). 
A few plateaus are apparent in the discharge/charge pro-
file, implying a series of two-phase reactions involving stable 
intermediate phases during the electrochemical reaction.[18] 
Notably, several cathodic and anodic peaks are evident and 
reversibly displayed in the dQ/dV curve (inset Figure 1b), fur-
ther suggesting multiple phase reactions, to be discussed later. 
It is worth noting that the feasibility of calcium intercalation 
into a graphite electrode strongly depends on the nature of the  
solvent. Negligible capacities were obtained when we tested ace-
tonitrile (ACN), diethylene glycol dimethyl ether (DEGDME), 
tetrahydrofuran (THF), and ethylene carbonate/dimethyl car-
bonate (EC/DMC) solvents containing 0.5 m Ca(BH4)2 salt 
as electrolytes (Figure S1, Supporting Information). Raman 
spectra show that DMAc possesses the strongest solvation with 
Ca(BH4)2 among these solvents (Figure S2, Supporting Infor-
mation), which would favor the intercalation of Ca ion with 
DMAc molecules, to be discussed later.

Figure 1c,d and Figure S3 (Supporting Information) show  
the cyclic stability and rate capabilities of graphite electrodes in a 
calcium electrochemical cell. At a current density of 100 mA g−1, 
a discharge capacity of ≈87 mAh g−1 remained stable with 
Coulombic efficiencies of 99.5% after a few cycles. Up to 95% 
of the initial capacity was retained after 40 cycles, indicating the 
high reversibility of the electrochemical reaction; however, dis-
cernible capacity degradation was observed from 40 to 50 cycles 
(Figure 1c). We suspected that the capacity fade after 40 cycles 
may have primarily originated from the degradation of the Ca 
metal counter electrode rather than being due to instability of 
the graphite electrode itself. Indeed, postmortem analysis of 
the cycled cells revealed that Ca metal was severely etched and 
covered with C- and O-rich passivation layers (Figure S5, Sup-
porting Information), whereas the graphite electrode remained 
almost intact (Figure S4, Supporting Information). This finding 
is consistent with the conclusion of previous reports that the 
passivation layer on Ca metal gradually inhibits calcium-ion 
transport, causing the failure of reversible Ca stripping and 
plating reactions.[6,8] To verify whether the unstable Ca metal 
induced the cyclic instability of the cells, we reassembled the 
cycled graphite with a fresh Ca metal electrode. Interestingly, 
the original capacity could be recovered for another 40 cycles 
with high capacity retention in the rebuilt cell. Thus, the cycle 
life could be extended to more than 200 cycles (Figure 1c), indi-
cating the impressive reversibility of the graphite electrode in 
the calcium electrochemical cell. XRD patterns of 250 times 
cycled graphite electrodes present slightly broadended (002) peak 
(Figure S6, Supporting Information), which may also induce 
capacity fade for long-term cycles. Additionally, the rate capa-
bility of the graphite electrode was investigated by probing the 
charging/discharging responses at different current densities, 
as shown in Figure 1d. Unexpectedly, even upon increasing the 
current density by 40-folds from 50 to 2000 mA g−1, as much 
as 75% of the specific capacity could be retained with only a 
small reduction of the capacity from 89 to 67 mAh g−1. It is 
noteworthy that the rate capability demonstrated here far out-
performs that of a recently reported hybrid dual-ion cell based 
on a Ca7Sn6 electrode, which delivered a capacity of 40 mAh g−1 
at a current density of 400 mA g−1.[7] More detailed analyses of 
the kinetic properties of the graphite electrode are presented in 

Figure S7 (Supporting Information). Furthermore, X-ray photo-
electron spectroscopy (XPS) spectra (Figure S8, Supporting 
Information) and high-resolution transmission electron micro-
scopy (HR-TEM) images (Figure S9, Supporting Information)  
of cycled electrode clarified no presence of SEI layers, which 
may contribute to fast reaction kinetics by reducing charge 
transfer resistance during de/intercalation reaction.[19]

To determine the electrochemical activity of graphite in a 
room-temperature calcium cell, the structural evolution of the 
graphite electrode was probed by synchrotron in situ XRD 
using an in-house-designed pouch-type cell. XRD patterns were 
periodically collected approximately every 5 min simultaneously 
with galvanostatic cycling at 25 mA g−1.[20] The full diffracto-
grams are provided in Figure S10 (Supporting Information) 
along with the cell configuration for the XRD study. Figure 2 
presents an augmented view of the evolution of the XRD peaks 
of graphite over the electrochemical cycle, revealing that the 
discharge/charge was accompanied by highly reversible struc-
tural transformation of graphite, a testament to the calciation of 
the graphite electrode and its excellent reversibility (additional 
Raman experimental evidence of the reversible structural 
change is provided in Figure S11 in the Supporting Informa-
tion). A more detailed examination of the evolution of the XRD 
patterns in Figure 2 reveals that the typical staging behavior 
of a layered intercalation host occurs during electrochemical 
calcium insertion and extraction. During the early stage of dis-
charging, the (002) main peak at 26.5° corresponding to the 
pristine graphite split into two new peaks, one at a larger angle 
and the other at a smaller angle, which continued to shift to 
larger or lower angles until they remain constant at 25.1° and 
29.7°, respectively, forming a stage n GIC. Between 0.54 and 
0.41 V of calciation, a biphasic reaction began to occur, leading 
to the formation of another phase of a stage o GIC with two 
peaks at 19.7° and 24.8° at the expense of the stage n GIC. After 
the completion of the biphasic reaction into the stage o GIC, 
a stage p GIC with two peaks at 18.3° and 24.4° appeared. In 
the subsequent final intercalation reactions, only a stage p GIC 
was observed with no significant change in the XRD pattern. 
The relations among the n, o, and p stages will be discussed 
later. Upon charging the cell, reverse reactions clearly occurred, 
leading to the gradual disappearance of the stage p GIC and 
re-formation of the stage o and n GICs. When fully charged at 
1.5 V, the main (002) peak for pristine graphite was recovered, 
signifying the reversibility of the calciation/decalciation reac-
tions. Noteworthy is that the weak intensity of pristine graphite 
peak (002) is attributable to the thin electrode and the in-house-
designed pouch cell configuration.

The Miller indices (l) for the XRD peaks were determined by 
applying Bragg’s law using the following equations[18]

;
1

00 00 1d
I

l
d

I

l
l

c
l

c= =
++

 
(1)

sin sin00 00 00 1 00 1d dl l l lθ θ= + +  (2)

1

sin
sin

100 1

00

l
l

l

θ
θ

=
−





+

 

(3)

Adv. Mater. 2020, 32, 1904411



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1904411 (4 of 7)

www.advmat.dewww.advancedsciencenews.com

where d00l and d00l+1 refer to the d-spacing values of the (00l) 
and (00l + 1) planes, respectively, and Ic is the c lattice para-
meter for the staging GIC, corresponding to the repeated dis-
tance. Accordingly, (00l), (00l +1), and Ic are shown in the left 
and middle panels of Figure 2, respectively. The Ic values for 
the stage n, o, and p GICs are 21.2, 17.8, and 14.4 Å, respec-
tively, suggesting that the difference in Ic between adjacent GIC 
stages is ≈3.4 Å, similar to the interlayer distance of 3.35 Å for 
pristine graphite. This finding confirms that graphite under-
goes a staging process during calciation, and that the n, o, and 
p GICs are consecutive phases. Considering the Ic of fully calci-
ated graphite is less than five times the interlayer spacing of 
pristine graphite (14.4/3.35 = 4.30), p should not be greater than 
4. Thus, {n, o, p} would be either {6, 5, 4}, {5, 4, 3}, {4, 3, 2}, or 
{3, 2, 1}. Note that the final stage p index can possibly be deter-
mined by studying the volume expansion of individual graphite 
sheets during electrochemical calciation. However, we failed to 
measure the precise volume change in our experiment because 
of the mechanical malleability of the fully calciated graphite 
sample. Later, we show that {n, o, p} is likely to be {4, 3, 2} with 
the aid of first-principles calculations.

In the following mechanistic study, we demonstrate that 
the calcium-ion intercalation into the graphite galleries was 
facilitated by the solvating molecules forming a ternary 
graphite compound. To verify the fully calciated structure, the 
graphite electrode was retrieved after the electrochemical dis-
charge and examined using FTIR and 13C-NMR spectroscopy. 
Figure S12 (Supporting Information) presents the FTIR spec-
trum of the electrode, which displays strong vibration peaks 
related to DMAc solvent molecules solvating calcium ions. This 
spectrum contrasts with that of the graphite sample that was 
simply soaked in the DMAc-based electrolyte or DMAc solvent, 

which did not display any signatures of DMAc molecules. This 
finding suggests that a significant amount of DMAc molecules 
solvating calcium ions is present in the discharged graphite 
electrode, and signifies the co-intercalation of calcium ions and 
DMAc into graphite galleries. To further examine the solvated 
Ca-ion structure and the nature of the calciated graphite, we 
conducted a 13C-NMR study (Figure 3). The general 13C-NMR 
spectra of the DMAc solvent, electrolyte, and calciated graphite 
contain four dominant peaks at similar positions, as shown in 
Figure 3a. For the DMAc solvent, the peaks are located at 20.5, 
33.6, 36.7, and 168.9 ppm, corresponding to the four carbon 
atoms in a DMAc molecule, which are designated as 1, 2, 3, 
and 4, respectively (inset of Figure 3a).[21] For the DMAc-based 
electrolyte, we observed that the peak positions for 2, 3, and  
4 shifted slightly to higher frequency (deshielding) at 33.8, 37.0, 
and 169.4 ppm, respectively, whereas a negligible change was 
observed for peak 1 (Figure 3b–d). The deshielding of carbon 2, 
3, and 4 is attributed to the strong interaction between the elec-
tronegative O and N in DMAc and the electropositive calcium 
ion, leading to the inductive effect in neighboring C atoms, as 
schematically illustrated in the inset of Figure 3a. The pres-
ence of the DMAc that solvated the calcium ion could also be 
detected in the calciated graphite electrode with the character-
istic 13C-NMR shifts. Nevertheless, the peaks for each carbon 
1, 2, 3, and 4 were further shifted and broadened, which is 
attributed to interactions with the host graphite and/or the ran-
domness of orientations of DMAc molecules in the graphite 
slabs.[22] A few important points can be inferred from compar-
ison of the 13C-NMR spectra of the DMAc-based electrolyte and 
discharged graphite: namely, i) DMAc was co-intercalated with 
calcium ions into graphite galleries, and ii) the configuration 
of the solvated Ca ion intercalated into graphite differs from 
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Figure 2. In situ synchrotron XRD analysis of the structural evolution of graphite during calciation and decalciation. Left: XRD patterns of graphite during 
discharging/charging; middle: lattice parameters (Ic) of intercalated/de-intercalated graphite; and right: the corresponding galvanostatic discharge/
charge curve of a pouch cell. Note that items of n, o, and p stand for the integer number of graphene layers between two successive intercalated layers.
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that in the electrolyte, as evidenced by the significant peak shift. 
Moreover, it should be noted that calcium intercalation using a 
solvent other than DMAc was not possible in the room-temper-
ature calcium cell (Figure S1, Supporting Information), indi-
cating that the unique solvation nature of DMAc could facilitate 
the calcium intercalation into graphite.

To further understand the solvated Ca-ion intercalation mech-
anism, we attempted to quantify the number of intercalated 
DMAc molecules per calcium ion in the graphite by monitoring 
the weight change of the graphite at various states of discharge 
and charge (Figure 4a). The graphite electrodes were carefully 
disassembled from the cells at each state of charge, followed by 
flushing with DMAc solvent and drying at 60 °C for 4 h in an 
Ar-filled glovebox. The dashed lines in Figure 4a indicate the 
theoretical weight change of graphite with potentially different 
numbers of DMAc molecules solvating calcium ions (b in  
Ca-(DMAc)b). The experimentally measured weight changes 
followed the line assumed for b = 4, suggesting that one cal-
cium ion is likely to be coordinated with four DMAc molecules 
during the intercalation. Note that the experimental values are 
slightly higher than the theoretical one, which can be attributed 
to the presence of irreversibly entrapped calcium ions.

Using first-principles calculations, we obtained a model 
structure of fully calciated graphite, considering the experi-
mental capacity, solvation number of calcium ions, and XRD 

pattern analysis. It reveals that the graphite at the final calci-
ated state is not likely to be in a stage 3 or stage 4 ordering, 
because they could not provide enough in-plane space for the 
accommodation of [Ca-(DMAc)4] complexes to account for the 
observed discharge capacity. Structure optimization was thus 
performed more rigorously by considering only the stage 1 and 
stage 2 structures as the final calciated states, as shown in 
Figure S13 (Supporting Information) and Figure 4b. According 
to our calculations, the stage 1 and stage 2 GIC models con-
sisted of repeating distances of ≈10 and ≈15.2 Å along the 
c-direction, respectively. Considering the experimental Ic value 
of 14.4 Å of the fully discharged electrode, this finding implies 
that the calciated graphite would be in the stage 2 GIC state, as 
shown in Figure 4b. To further confirm the plausibility of the 
proposed structure, we generated XRD patterns based on the 
model and compared them with the experimental observation. 
Figure 4c illustrates that not only the peak positions but also 
the peak intensities of the simulated spectrum corresponded 
well with the experimental ones, indicating that the structure 
in Figure 4b is an acceptable model. From this proposed model 
and XRD data, we figured out that the volume of the lattice 
during the intercalation reaction expands 215%, assuming the 
formation of a stage 2 GIC state with a 14.4 Å. Notably, this 
expansion is much smaller than the 347% volume change of 
Na–ether co-intercalated graphite.[23]

Adv. Mater. 2020, 32, 1904411

Figure 3. 13C-NMR characterization of DMAc solvent, DMAc-based electrolyte, and fully discharged graphite. a) General NMR spectra, and chemical 
structure of DMAc molecule and the possible interaction between calcium ion and DMAc molecule in electrolyte, the four carbon atoms in DMAc 
molecule are designed as 1, 2, 3, and 4. b–d) Comparison of the positions of above designed four carbon signals in DMAc solvent, DMAc-based 
electrolyte, and fully discharged graphite. Note that three peaks at 109.8, 123, and 133.7 ppm indicated with * in (a) are from graphite or/and binder, 
which are attributable to the presence of aromatic rings from the edge of carbon.[21]
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In this work, we reported, for the first time, that reversible 
calcium-ion insertion into graphite can occur electrochemically 
and reversibly at room temperature with the aid of a co-interca-
lating DMAc solvent. The graphite electrode in the CIBs deliv-
ered a reversible capacity of 85 mAh g−1 over 200 cycles with 
negligible degradation of the graphite. In situ XRD and electro-
chemical analyses revealed that the calciation occurs accompa-
nying the staging process, which has generally been observed 
for lithium intercalation into graphite electrode. Moreover, 
structure analysis coupled with solid-state NMR and DFT 
calculations revealed that the fully calciated graphite formed 
stage 2 ternary GICs composed of a [Ca-(DMAc)4] complex and 
layered graphite. This study offers useful insight into the devel-
opment of CIBs, which has been retarded by the insufficient 
performance and sluggish kinetics of conventional electrode 
materials. Nudging calcium-ion intercalation into graphite host 
materials using co-intercalation chemistry will provide an unex-
plored pathway toward the realization of high-power and long-
lasting CIBs.

Experimental Section
Preparation of Electrolytes: Electrolytes were prepared in an Ar-filled 

glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm). Calcium salt (Ca(BH4)2, 
supplied by Aldrich) and molecular sieves were dried in a heating 
vacuum oven at 180 °C overnight. The dried Ca(BH4)2 was dissolved in 
DMAc, DEGDME, EC/DMC, and THF solvents at 0.5 m, respectively. The 
solutions were stirred at 50 °C for 8 h in the glove box before adding 
molecular sieves to further remove the H2O in electrolytes.

Electrodes’ Preparation and Electrochemical Characterizations: The 
graphite electrodes were prepared by mixing the natural graphite 
power (≈100 µm) and polyvinylidene fluoride (PVDF) binder at a mass 
ratio of 9:1 before adding desirable amount of N-methyl-2-pyrrolidone 
solvent. The uniform mixture was then cast on Cu foil and dried at 70 °C 
in a vacuum oven. The graphite electrodes were cut into disks with a 
diameter of 3/8 in. and an active mass loading of about 3 mg cm−2. Ca 
metal powders were pressed into pellets and polished before using as 
the counter electrodes. CR2032 coin cells were assembled in an Ar-filled 
glovebox using graphite as working electrodes, Ca metal pellets as 
counter electrodes, and glass fiber as separators filled with as-prepared 
electrolytes. The coin cells were tested on a multichannel potentio-
galvanostat (Won A Tech, Korea) at different current densities ranging 
from 0.2 to 1.5 V. The CV curves were measured at scan rates ranging 
from 0.025 to 1 mV s−1 between 0.2 and 1.5 V.

Material Characterizations: For in situ XRD study, pouch cells were 
prepared with graphite working electrodes, Ca metal pellets as counter 
electrodes, and Celgard separators filled with DMAc-based electrolyte. In 
situ XRD experiment was operated on a 3D XRD beamline at PLS-II with 
a wavelength of λ = 0.8265 Å (Pohang Accelerator Laboratory, Korea), 
and the XRD data were collected as a set of circles on a Mar 345-image 
plate detector in transmission mode for ≈1 min exposure time. Taking 
the scanning time of the image and the transferring time of the data into 
account, the period between two data recording was about 5 min. Note 
that for convenient comparison with the literature, all the two θ angles 
from the raw XRD data were recalculated to corresponding angles for 
λ = 1.543 Å, the wavelength of the general X-ray tube sources with 
Cu Kα radiation. The morphology of cycled electrodes was evaluated 
by scanning electron microscopy (SEM, Supra 55VP, Carl Zeiss, 
Germany). Ca storage mechanisms were also studied by XPS (PHI 5000 
VersaProbe, ULVAC PHI, Japan), Raman (Horiba Jobin Yvon LabRam 
Aramis, Horiba, France), and FTIR (FT-IR-4200, JASCO, Japan). HR-TEM 
(JEM-F200, Jeol, Japan) and 500 MHz WB solid NMR (Advance III HD, 
Bruker, German) analyses were conducted at the National Center for 
Inter-university Research Facilities (NCIRF) at Seoul National University. 
To determine the b value in Ca-(DMAc)b ion complex, cycled electrodes 
were dissembled, washed with DMAc, and dried at 60 °C in an Ar-filled 
glove box before measuring their weights. Six samples were prepared for 
each point and the average values were plotted accordingly.

Simulation Methods: Density functional theory calculations were 
conducted to obtain information on the structure of Ca-DMAc 
co-intercalated graphite. Projector-augmented wave pseudopotentials[24] 
were used as implemented in Vienna Ab initio Simulation Package,[25] 
and Perdew–Burke–Ernzerhof exchange-correlation functional[26] was 
applied for all calculations. Van der Waals interactions were considered 
with the DFT-D3 method,[27] and the geometry optimization with a 
kinetic energy cutoff of 500 eV was performed until the remaining force 
of the system converged within 0.01 eV Å−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. Analysis of the configuration of Ca-intercalated graphite. a) Weight change of graphite at various states of discharge and charge to determine 
to the molar ratio of DMAc:Ca intercalated in graphite galleries. b) DFT-simulated configuration of [Ca(DMAc)4]2+ co-intercalated graphite. c) XRD 
pattern of solvated-Ca-ion intercalated graphite compounds and the simulated XRD pattern of expanded graphite with repeated distance of 15.2 Å 
with the intercalant of [Ca(DMAc)4]2+ complex.
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