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As promising candidates for next-generation batteries, calcium-ion batteries (CIBs) have attracted
significant attention because of the lower cost and improved environmental friendliness of Ca metal
relative to those of Li and their potential to deliver higher energy densities. However, their practical
application has been limited by the lack of an appropriate electrode that can induce fast Ca co-
intercalation/deintercalation reactions while providing longer cycle life. In this study, we report bacterial
cellulose (BC) with a highly graphitic-like ordered structure as a new and efficient co-intercalation host
for multivalent Ca ions. The free-standing BC electrode with unique 3D porous morphology possessed
ultra-fast co-intercalation kinetics, much faster than that for a commercial graphite electrode. In
addition, we addressed the controversial issue of whether Ca co-intercalation truly occurs in the graphitic
layer. It is demonstrated that the co-intercalation is directly dependent on the degree of carbon
crystallinity by using various BC electrodes with different crystallinities at regular intervals. Finally, the
effect of the ordering of the carbon stacking layer on the co-intercalation chemistry was
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electrochemically investigated.

© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

The rapid development of energy storage systems (ESSs) from
portable devices to large-scale devices such as drones and electric
vehicles has motivated the development of next-generation
batteries [1-4]. In addition, significant concerns about the
depletion of fossil fuels and global environmental issues have
guided numerous researchers to focus on developing renewable
energies and efficient ESSs [5,6]. Until now, Li-ion batteries (LIBs)
have occupied most of the battery market share because of their
high power and energy densities and long-term cycle life [7-9].
However, the limited Li metal sources and expensive cell
components used for fabricating LIBs have raised concerns;
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therefore, exploring a substitutional charge carrier instead of Li
ion with abundant and ubiquitous elements is crucial for the
advancement of next-generation batteries.

Among the many potential candidates for next-generation
batteries, calcium-ion batteries (CIBs) have been highlighted as an
ideal substitution for LIBs because of the abundance of calcium
metal in the Earth’s crust as well as its relatively low cost [10,11].
Multivalent calcium ions can theoretically provide two electrons
per ion during redox reactions and have a substantially low redox
potential of -2.87V (vs. standard hydrogen electrode), indicating
the great potential for the realization of high-energy-density CIBs
[12-14]. Moreover, the electrochemical kinetics of calcium ions has
been reported to be faster than that of other multivalent ions
because of their relatively low polarizability [15,16]. In the field of
CIBs, attention has thus far mostly been focused on identifying an
appropriate electrolyte because the critical issues are mainly
related to the electrolyte and its compatibility with Ca metal
[10,17-20]. Relatively fewer studies have aimed to identify an
appropriate electrode material as a host for accommodating Ca
ions [21,22]. However, considering that conventional layered-type
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materials hardly accommodate multivalent Ca ions because of the
strong ionic interactions of multivalent ions, it is crucial to explore
new intercalation materials to enable the realization of high-
energy-density CIBs [23-26].

It has recently been reported that multivalent Ca ions can be
readily co-intercalated into graphite by combining with electrolyte
molecules. The complexes of Ca ions and electrolyte molecules are
known to intercalate into graphite layers because of the shielding
effect of electrolytes. The multivalent Ca ions surrounded by
electrolyte molecules can alleviate the strong ionic interaction of
the cations, enabling Ca co-intercalation with acceptable reversible
capacities of approximately 85 mAhg~! [27]. However, two major
issues must be solved to advance the co-intercalation chemistries
in the field of CIBs. (1) There are controversial opinions on whether
Ca co-intercalation really occurs; thus, reliable proof must be
provided. (2) The kinetics of co-intercalation must be enhanced
because the heavy ion complexes are entangled together; thus,
their motions are inevitably sluggish. Designing an efficient host
for Ca co-intercalation is the key to achieving fast kinetics for CIBs.

In this study, to overcome these two major issues, we fabricated
a three-dimensional (3D) porous carbon electrode based on
bacterial cellulose (BC). The graphitized carbon host of BC was
chosen because it has a graphitic-like ordered nanostructure with
numerous pores, which is advantageous to provide electrical
conducting routes as well as fast ion pathways [28-30]. By
systematically controlling the heat-treatment conditions, BC
electrodes with different crystallinities were prepared. The BC
electrodes were electrochemically tested to investigate the effect
of carbon crystallinity on the Ca co-intercalation ability. The more
graphitized electrodes resulted in higher capacities, implying that
co-intercalation is directly dependent on the degree of carbon
crystallinity. Furthermore, it was demonstrated that the unique
structure of BC-derived carbon materials (i.e., 3D nanoweb
structures) provide facile access to heavy Ca ion and electrolyte
complexes, leading to an ultra-fast rate capability. The BC
electrodes exhibited markedly faster kinetics than commercial
graphite, indicating that the use of a BC electrode with 3D nanoweb
structures is a promising route to achieving high-rate CIBs. While
the porous host of BC has been utilized in the fields of LIBs [31-33],
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itis a first demonstration for BC to efficiently host co-intercalation
materials in CIBs.

Experimental
Preparation of BC-derived carbon materials

BC hydrogels were prepared using Acetobacter xylinum BRC 5 in
Hestrin and Schramm medium using a previously reported method
[34]. To exchange the solvents, the BC hydrogels were immersed in
tert-butanol. The BCs were then freeze-dried at —45°C for 72 h,
producing a white-colored cryogel. To prepare various BC carbons
with systematically different crystallinities, each carbonization
step was performed at six different temperatures of 800°C,
1200°C, 1600°C, 2000 °C, 2400 °C, and 2800°C in a graphitization
furnace (ThermVac, South Korea). The regular intervals of the
temperatures were reached at the systematically controlled
heating rates of 10°Cmin~! from 25°C to 1800°C, 5°Cmin~!
from 1800 °C to 2400°C, and 3°Cmin~! from 2400°C to 2800 °C
under an Ar flow rate of 200 mL min~. After the graphitization, all
the samples were treated with a fresh air at 400 °C for 2 h, then the
final products were obtained after cooling down to 25 °C.

Characterization

The morphology and microstructure of the BC-derived
carbon materials were examined using field-emission scanning
electron microscopy (FE-SEM, S-4300SE, Hitachi, Japan) and
field-emission transmission electron microscopy (FE-TEM,
JEM2100F, JEOL, Japan). X-ray diffraction (XRD, Rigaku DMAX
2500) analysis was performed using Cu-K, radiation
(A=0.154nm) at 40kV and 100 mA. The Raman spectra for the
BC-derived carbon materials were obtained using a continuous
linearly polarized laser with a wavelength of 532 nm and a 1200
groove mm~ ! grating. The spot diameter of the Raman laser was
approximately 1nm, and a 100x objective lens was used. The
chemical bonding of the samples was characterized using X-ray
photoelectron spectroscopy (XPS, PHI 5700 ESCA, USA) with
monochromatic Al K, radiation (hv=1,486.6¢eV).

Fig. 1. SEM and TEM images of BC electrodes with different crystallinities. FE-SEM images of (a) BC-800, (b) BC-1600, and (c) BC-2800. FE-TEM images of (d) BC-800, (e) BC-

1600, and (f) BC-2800.

398



J.H. Kwak, J.C. Hyun, J.-H. Park et al.
Electrochemical characterization

The BC-derived carbon materials were used as free-standing
electrodes without further treatment. The diameter and mass of
the electrodes were 0.72cm? and ~1.0mg, respectively. The
electrolyte was prepared by dissolving 0.5M Ca(BH,), in dime-
thylacetamide (DMACc). Before use, the salt was dried in a vacuum
oven set to 150°C, and the solvent was purified using a molecular
sieve. A graphite anode was prepared by mixing graphite powder
(Hitachi, SMG A-5, active material, 80 wt.%), Super P (conduct
agent, 10 wt.%), and polyvinylidene fluoride (PVDF, binder, 10 wt.%)
with N-methyl-2-pyrroloidone. The slurry was cast on Cu foil with
a thickness of 50 wm, and the active material was loaded with a
similar mass as the BC carbon materials (~1.0 mg). To evaporate
the solvent, the cast electrode was heated in a convection oven set
to 80°C for 6 h. The electrochemical tests were performed using
2032-type coin cells with a glass microfiber filter (GF/F, Whatman)
as the separator. Calcium metal foil was used as the reference/
counter electrode after stripping off its surface to remove the
passivation layers. All the cells were assembled in an Ar-filled glove
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box, where the oxygen and water concentrations were maintained
below 0.1 ppm.

Results and discussion

To investigate whether Ca co-intercalation truly occurs in the
graphitized carbon host, various BC electrodes with different
crystallinities were prepared by systematically controlling the
heat-treatment temperatures from 800 °C to 2800°C (Fig. 1). We
intentionally designed the BC electrodes to have different
crystallinities at a regular gradient while maintaining similar
macrostructures. Thus, the prepared BC electrodes could be used to
investigate the relationship between the co-intercalation ability
and the crystallinity of the carbon host. The morphologies of the
prepared BC electrodes were examined using FE-SEM and FE-TEM,
as shown in Fig. 1. Regardless of the heat-treatment temperature,
all the electrodes exhibited porous and 3D nanoweb structures
(Fig. 1a-c); however, their crystalline features varied, as observed
in the TEM images (Fig. 1d-f). The crystallinity and degree of
stacking of each BC electrode gradually increased with increasing
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Fig. 2. Characterization of microstructures and chemical properties of BC electrodes: (a) XRD pattern and (b) Raman spectra of BC electrodes. XPS C 1s spectra of (¢) BC-800

and (d) BC-2800.
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carbonization temperature (Fig. 1d-f). Detailed comparisons of all
the BC electrodes (BC-800, BC-1200, BC-1600, BC-2000, BC-2400,
and BC-2800) are provided in Fig. S1. Carbon materials are
generally composed of manifold basic structural units (BSUs), and
the sizes of the BSUs increased with increasing heating tempera-
ture from 800 °C to 2800 °C. In other words, carbonization at higher
temperature resulted in a higher degree of graphitization. BC-800
had an amorphous carbon structure with short-range carbon
ordering, whereas BC-2800 had a crystalline structure with long-
range carbon ordering. In addition, the stacking layers of sp?
carbon were especially dominant with heat treatment above
2000°C (i.e., BC-2000, BC-2400, and BC-2800).

For more in-depth analysis of their microstructures, further
characterization was performed using XRD, Raman, and XPS. As
observed in the XRD patterns (Fig. 2a), sharp (002) peaks
dominated at the BC-2000, BC-2400, and BC-2800 samples,
whereas the characteristic (002) peak did not appear for the BC-
800, BC-1200, and BC-1600 samples. As the graphite (002) peakis a
simple index that measures the degree of carbon layer stacking
[35], it was concluded that the degree of graphitization was more
developed with increasing target temperature. Furthermore, the
graphite-like structures were clearly dominant for the BC electro-
des heat-treated above 2000°C; in contrast, those heat-treated
under 2000 °C showed no characteristic peaks. d-spacing (d) of BC-
electrode was calculated by using Bragg’s law equation (nA =2
dsinf, where n is a positive integer, A is the wavelength, and 0 is a
degree). The calculated d-values of BC-2000, —2400, and —2800
are corresponding to 0.34235, 0.34124, and 0.33775 A. As the target
temperature increases, d-values are narrowed, which means that
the graphitization of BC electrode is well processed. This
phenomenon was again demonstrated in the Raman spectra
(Fig. 2b). The G band (centered at 1580cm™') and 2D band
(centered at 2700cm™!), which are measures of the degree of
hexagonal carbon rings and carbon layer stacking [36], respective-
ly, increased with increasing heat-treatment temperature. The
sharp G and 2D bands were more obvious for BC-2000, BC-2400,
and BC-2800, as similarly demonstrated by tracing the (002) peaks
of Fig. 2a. Furthermore, the D band (1350 cm ™), as a measure of the
degree of disordered hexagonal carbon rings, was greatly
diminished for heat-treatment above 2000°C. Therefore, the
XRD data and Raman spectra are consistent, demonstrating that
the stacking layers with ordered hexagonal carbon rings were
more arranged with increasing carbonization temperature.
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The surface property of each BC electrode was closely examined
using XPS (Fig. 2c and d). Here, we focus on comparing the two
extremes of BC-800 and BC-2800, as shown in Fig. 2c and d. XPS
data for the all the BC electrodes are also provided in Fig. S2. The
intensities of sp> C=C bonding of the BC carbons gradually
increased with increasing carbonization temperature, as simply
confirmed by comparing the height of C=C bonding of each BC
electrode (Fig. S2). As observed in Fig. 2c and d, the clear dominant
sp? bonding in BC-2800 indicates that BC-2800 is much more
graphitized than BC-800. Furthermore, as observed in Fig. 2e, the
amount of oxygen functional groups gradually changed depending
on the heat-treatment temperature. The smallest atomic percent-
age of oxygen functional groups was measured for BC-2800,
whereas a value almost thirteen times higher was detected for BC-
800. In short, various BC electrodes with different crystallinities at
regular intervals were well prepared while their micro 3D porous
structures were similarly maintained. Based on their characteristic
properties, they could be divided into two distinct groups: low-
crystal BC-derived samples (LCBC; BC-800, BC-1200, and BC-1600)
and high-crystal BC-derived samples (HCBC; BC-2000, BC-2400,
and BC-2800).

To understand how the different carbon crystallinities affected
the Ca co-intercalation chemistries, electrochemical tests were
performed for the two groups, as shown in Fig. 3. The prepared BC
electrodes were used as free-standing working electrodes, and
calcium metal was used as the counter/reference electrode. The
electrolyte of 0.5M Ca(BH4), in N,N-dimethylacetamide (DMAc)
was used because it has been reported to trigger Ca co-
intercalation into graphite [27]. Galvanostatic charge/discharge
(GC/GDC) tests were performed at various current densities
ranging from 50 to 2000 mA g~’, as shown in Figs. 3 and S3. The
GC/GDC profiles of LCBC consist of only sloppy shapes with
negligible capacities, which may have originated from minor
capacitive reactions (Fig. 3a-c). However, the GC/GDC profiles of
the HCBCs (Fig. 3d-f) present several plateaus, suggesting the
active two-phase reactions (i.e., faradaic reactions). The voltage
profiles are well matched to those of a previous paper mentioning
Ca co-intercalation reactions [27]. As the two-phase reaction is
direct evidence of the Ca co-intercalation, it is clear that the Ca
storage behavior is highly affected by the crystallinity of the carbon
host. More importantly, the co-intercalation ability is proportional
to the degree of carbon crystallinity, indicating that the graphitized
feature of carbon allows efficient Ca co-interactions.
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To electrochemically determine whether a diffusion-controlled
reaction truly occurs in BC-2800, cyclic voltammograms (CVs)
were obtained at various scan rates ranging from 0.025 to 1.0 mV
s~! (Fig. 4a). Four anodic peaks and three cathodic peaks
corresponding to intercalation and de-intercalation of Ca ions,
respectively, were identified, and each peak was marked by a
number 1-7 (indicated by different colored stars in Fig. 4). The
kinetics of Ca co-intercalation into BC-2800 at each two-phase
reaction were elucidated by calculating the b-value obtained from
the CV data based on a relationship (1) of i=av®, where i, a, and v
are the peak current, constant, and scan rate, respectively (Fig. 4b,
¢) [37]. The b-value is a parameter that measures the degree of
dependence on capacitive (b=1; v) or diffusion reaction (b=0.5;
v'2). In the case of intercalation, the b-value of peak 4 was lowest,
which means that the active redox at approximately 0.3V was
relatively more affected by diffusion-controlled behaviors than
that at peaks 1, 2, and 3 (Fig. 4b). Similarly, the b-value of peak 5 at
0.82V was lowest during de-intercalation (Fig. 4c). In addition, to
trace where the diffusion-controlled reaction had an effect during
the charge process, the formulation (2) of i = kyv + k,v'/? (Fig. 4d, )
was used because k; and k; are clear indicators that can be used to
distinguish capacitive- and diffusion-controlled regions, respec-
tively [38]. The calculated k, values of peak 4 and 5 were higher
than those of the others, indicating that the reactions occurring at
peak 4 and 5 were more affected by the diffusion than the others. In
addition, the higher values of k; compared with k, indicate that
capacitive reactions were also included. The results suggest that
the combinations of capacitive- and diffusion-controlled reactions
contribute to the fast kinetics of BC-2800; however, further study is
needed to fundamentally understand this phenomenon. Further-
more, the diffusivity during Ca co-intercalation can be determined
using the Randles-Sevcik equation (3), i,=2.69 x 10°
n32AD'2Cv'2, at room temperature, where n, A, D, and C denote
the number of electrons, area of the electrodes, diffusion
coefficient, and concentration of Ca*, respectively [39]. In this
equation, when the peak current (i) is linearly related to the square
root of scan rate (v) for any reaction, the reaction is considered to
be affected by diffusion-controlled behavior. In Fig. 4f, all the peaks
have linear profiles, and in particular, peak 4 and 5 have the higher
absolute values of the slopes, indicating the fast diffusion
properties in the regions of peak 4 and 5.
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It is worth mentioning that the unique structure of BC-2800 is
advantageous to enabling the fast transport of heavy ion
complexes (i.e., Ca ion and electrolyte molecules), resulting in
improved co-intercalation capability. As already demonstrated in
Fig. 3f, the half-cell with BC-2800 delivered a charge capacity of
54mAhg™! at a current density of 50mAg~! (Fig. 3f), and
surprisingly, most of the capacity was maintained (48 mAhg™1)
even at the extremely high current rate of 2000 mA g~ . This result
was observed because the unique 3D porous nanoweb structure of
BC ensures facile access of bulk ion complexes, as schematically
illustrated in Fig. 5a. Naturally, the density of BC electrode is
relatively low about 0.09 gcm ™3 compared to the normal electro-
des used in LIBs [40-42]. The macroporous graphitic structure
helps to expose carbon nanotubes to the electrolyte; therefore,
most surfaces of graphitized carbons could be activated, resulting
in wide windows where the ion complexes efficiently co-
intercalated. In other words, graphitized free-standing BC electro-
des ensure the facile and fast access of Ca ions through the 3D
nanoweb structure, resulting in improved rate capability. The rate
capabilities are comparable to the previous outstanding results
using various carbon-based materials as indicated in Table S1. In
addition, a specific capacity can be improved because BC-2800s is a
free-standing electrode (Fig. 5b), which doesn’t require heavy
current collects such as Cu and Al In Fig. 5¢, the capacity retention
of the BC-2800 electrode is compared with that of commercial
graphite as it has been reported to well-accommodate Ca-ion
complexes [26]. At relatively low current rates, their capacity
retentions appear to be similar; however, BC-2800 shows superior
capacity retention ability at the high current density of 2000 mA
g~ It is reasonable that it is difficult to achieve a high rate
capability using commercial graphite because its intrinsic mor-
phology of a 2D structure has limited active edges where Ca-ion
complexes can be intercalated. In contrast, the 3D structure of BC-
2800 facilitates the fast access of Ca ions to active edge sites of the
stacking layers from every direction, thereby showing the high
capacity retention even at the extremely high current density of
2000mA g~ . In addition, the structural stability of BC-2800 was
compared with that of the graphite electrode in a cyclability test, as
shown in Fig. 5d. Whereas the graphite electrode showed fast
decay of the capacity retention and sudden death after ~100
cycles, BC-2800 sustained a high capacity retention of 75% after
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400 cycles with almost 100% coulombic efficiency. This result is
attributed to the highly opened 3D structure of BC-2800 composed
of well-graphitized carbon stacking layers, which not only
improved the rate capability for the co-intercalation reaction
but also enhanced the structural stability with longer cycle life.

Conclusion

In summary, we provided insight on Ca co-intercalation into
graphitized carbon stacking layers by performing electrochemical
tests of BC electrodes fabricated using bacterial cellulose. By
systematically controlling their heat-treatment temperatures,
various BC electrodes with different crystallinities at regular
intervals were prepared. The effect of carbon crystallinity on the
degree of co-intercalation was then electrochemically investigat-
ed. We concluded that the capacity delivered by the co-
intercalation reaction is directly dependent on the degree of
carbon stacking layers. In addition, we designed the unique
morphology of a BC electrode with porous 3D nanoweb structures
to achieve the optimal condition for co-intercalation of Ca ions into
carbon layers. The facile access of ion complexes resulted in ultra-
fast rate capability even with high stability over 400 cycles, which
is much improved performance compared with that of commercial
graphite electrodes. These results demonstrate that the porous BC
electrode with nanoweb structure is a promising architecture,
potentially beyond current graphite electrodes, and our research
will open up new research paths for co-intercalation-based CIBs.
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