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Abstract: As advanced negative electrodes for powerful and
useful high-voltage bipolar batteries, an intercalated metal-
organic framework (iMOF), 2,6-naphthalene dicarboxylate
dilithium, is described which has an organic-inorganic layered
structure of m-stacked naphthalene and tetrahedral LiO, units.
The material shows a reversible two-electron-transfer Li
intercalation at a flat potential of 0.8 V with a small polar-
ization. Detailed crystal structure analysis during Li interca-
lation shows the layered framework to be maintained and its
volume change is only 0.33 %. The material possesses two-
dimensional pathways for efficient electron and Li* transport
formed by Li-doped naphthalene packing and tetrahedral
LiO;C network. A cell with a high potential operating
LiNi,sMn, 50O, spinel positive and the proposed negative
electrodes exhibited favorable cycle performance (96 %
capacity retention after 100 cycles), high specific energy
(300 Whkg™), and high specific power (5 kWkg™). An 8V
bipolar cell was also constructed by connecting only two cells
in series.

Research and development into rechargeable Li-ion bat-
teries is of particular importance because of their potential as
large-scale energy storage devices in automotive applications
and stationary power-storage systems.[!! In such applications
the cells are connected in series rather than used as a single
cell to obtain high voltages. A high-voltage design would
hence be desirable for large-scale applications. Compared to
conventional Li-ion batteries that are connect in series
(Figure 1a), bipolar Li-ion batteries (Figure 1b) provide
several beneficial features such as 2) high voltage per unit
cell, 2) low internal resistance through reduced terminal
connections when a cell pack is assembled that connects the
unit cells, and 3) high total volumetric energy density. The
fabrication of bipolar cells requires a combination of bipolar
electrodes and solid-state electrolytes, such as inorganic solid,
polymer, and gel-polymer (gelled liquid) electrolytes, which
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are used to prevent short circuits in single bipolar electrodes.
When compared with Al foil electroplated with a thin layer of
Cu on one side, a bipolar electrode using only Al provides
a clear advantage in terms of fabrication. Al and Cu are
typically used as current collectors for positive and negative
electrodes, respectively.

In bipolar batteries, the electrode potential is important
for a high-voltage design because voltage is determined by the
potential difference between the positive and negative
electrodes. As shown in Figure 1c, two basic types of
intercalated electrode materials have been studied on
a large scale for Li-ion batteries: lithium transition metal
oxides®? and graphitic carbon compounds,® which demon-
strate durability because of the small changes in the volume
(5-10%) of their main structure during cycling. When
designing a bipolar cell based on Al current collectors,
graphitic carbon compounds operating at 0.1 V (versus Li/
Li") cannot be used because Al reacts with Li at 0.4 V prior to
the intercalation of Li into the graphitic carbon structures.
Moreover, when lithium titanate (Li,TisO,)* operating at
1.55 Vis used, the cell voltage becomes very low and the total
energy density decreases drastically. Therefore, an operating
potential range of 0.5-1.0 V is essential for negative electro-
des in high-voltage bipolar batteries. In addition, small
changes in the volume (< 10%) during cycling is indispen-
sable for good performance. For example, layered LiMS,
(M =Ti, V) with Ti*¥/Ti*" and V**/V*' redox couples have
also been reported that demonstrate flat plateaus at approx-
imately 0.5 and 1.0 V, respectively.’! However, the capacities
of these materials decrease on cycling because of a 30%
change in the volume during Li intercalation.”® Another
research group has reported the redox properties of organic-
based m-conjugated dicarboxylate dilithium salts® operating
from 0.8 to 1.4 V. Similar materials have also been reported,
such as m-conjugated dicarboxylate disodium salts” and -
conjugated dicarboxylate with dihydroxytetralithium salts.®
However, these studies focused primarily on the molecular
structure and have not discussed in detail the change in
volume, the solid stage with intercalated Li* ions, or electron
transport during Li intercalation. Such mechanisms signifi-
cantly affect the cycle performance or rate capability; there-
fore, they are important for a full understanding of the
detailed mechanisms.

We have focused on the nanostructures of the organic-
based m-conjugated dicarboxylate salts formed by molecular
self-assembly and propose an electroactive material based on
n-conjugated dicarboxylate with an intercalated metal—
organic framework (iMOF) that operates at the target
potential (Figure 1c).’) MOFs are crystalline materials com-
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Figure 1. The concept towards future high-voltage bipolar batteries. a) Li-ion batteries connected in
series. b) Proposed high-voltage bipolar Li-ion batteries. c) Comparison of the electrode charge—
discharge curves of the iMOF, 2,6-Naph(COOLI),, with those of other possible positive and negative
intercalation electrodes with the effective potential ranges of Al and Cu current collectors. d) Discharge
capacities versus cycle number of a 2,6-Naph(COOLi),/LiNiysMn, 5O, cell. Inset: charge—discharge
curves of the same cell. The cell was cycled at a rate corresponding to full charging in 5 h.

e) Comparison of specific energy versus specific power plots of the stackable cell composed of

a negative electrode operating at more than 0.5V (versus Li/Li*). f) Illustration of the prepared two-
stacked 2,6-Naph(COOLi),/LiNiysMn, sO, bipolar cell. g) Charge—discharge curves of single and two-
stacked bipolar 2,6-Naph(COOLi),/LiNiysMn, sO, cells using a PVdF-HFP-based gel-polymer electro-
lyte. The dotted line shows the half voltage of the two-stacked bipolar cell.

networks.'”l Conventional MOFs
are porous materials for gas
adsorption/desorption, separation,
and catalysis such as for H,, CO,
CO,, and CH,." However, the
MOFs proposed in this study
show only intercalation and no
gas adsorption because of their
nonporous naturel'” and are thus
referred to as iMOFs in the elec-
trochemical field. We define an
iMOF as having the following
characteristics: 1) a layered struc-
ture consisting of organic and inor-
ganic units, 2) intercalated Li in
the inorganic layer as a result of
a redox reaction of the organic
layer, and 3) maintenance of the
framework during Li intercalation.
After exploring several m-conju-
gated dicarboxylate materials,"
we selected 2,6-naphthalene dicar-
boxylate dilithium (2,6-Naph-
(COOLi),) as the negative elec-
trode material and investigated its
performance in single and bipolar
cells. Furthermore, we studied in
detail the mechanism for the
change in the crystal structure
during Li intercalation and found
that the volume change of this
material is extremely small.

First, a 4V single cell was
fabricated with 2,6-Naph(COOLi),
(negative) and high potential oper-
ating LiNiysMn, 5O, spinel™ (pos-
itive) electrodes (see Figure 1c¢) in
a laminate-type cell. The resulting
charge—discharge profile (Fig-
ure 1d, inset) demonstrates a cell
voltage of 3.9 V and reproducible
reversible capacity, which
remained at 96% of the first-
cycle capacity after 100 cycles (Fig-
ure 1d). The resulting discharge-
rate performance (see Figure S1 in
the  Supporting Information)
reveals that, by using the Al cur-
rent collector for both electrodes
(Figure le), the 2,6-Naph-
(COOLI),/LiNiysMn, 50O, cells
exhibit significantly higher specific
energy of about 300 Whkg ' com-
pared with the reported 3 V Li-ion
battery with Li TisO,,/
LiNiysMn,; s0, cells of about
200 Whkg™'[¥1 because of the

posed of infinite networks of metal ions connected through  higher cell voltage than that of the other cells (see Table S1
functionalized organic linkers to form three-dimensional in the Supporting Information). Furthermore, the cells show
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a comparably high specific power of 100 Whkg™ at about
5 kWkg™' as the current electric double layer capacitors!'® or
advanced capacitors, such as nano Li,Ti;O;,/activated carbon
cells,"” Si radical/graphite cells,™™ or nano-TiO,-B/activated
carbon cells,"® which are candidates for high power storage
applications. In addition, as shown in Figure 1c, the operating
potential of the negative electrode is expected to suppress the
deposition of metallic Li (0 V), which causes internal short
circuits between the positive and negative electrodes and
improves the safety of the proposed bipolar battery. More-
over, by using a gel-polymer electrolyte, we fabricated two-
stacked bipolar 2,6-Naph(COOLI),/LiNi,sMn, 0, cells (Fig-
ure 1f). We have succeeded in the construction of an 8 V
bipolar cell by connecting only two cells in series in one pack
(Figure 1g).

The X-ray powder diffraction (XRD) pattern and the
corresponding Rietveld refinement (Figure 2a) confirm that
2,6-Naph(COOLI), forms crystalline layered structures in the
a-axis direction. The crystalline layered structures have
repeating organic and inorganic units comprised of n-stacked

QO
~

Organic unit ‘.
(Naphthalene)\ s

3
i

2!. 0

Intensity/Counts x 10°
1.0

Figure 2. a) Rietveld refinement for pristine 2,6-Naph(COOLI),; the
experimental powder XRD pattern (red + marks), calculated powder
XRD pattern (green solid line), difference profile (pink solid line), and
peak positions (tick marks). Inset: structure of the pristine sample
taken from its XRD pattern (Li=yellow, O=red, C=blue, and

H =white). b,c) TEM images of typical particles and d) the correspond-
ing SAED pattern. ) Orientation of the crystalline structure of the
observed particles shown in Figure 3b,c, derived from the results of
the TEM images and SAED patterns. f) HRTEM image.
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naphthalene moieties and tetrahedral LiO, units (inset in
Figure 2a). The naphthalene units interact with each other
through m-stacking interactions in the b-axis direction. The Li
atoms form slightly distorted tetrahedral LiO, structures. The
tetrahedral structures are connected by an extensive network
of one edge-sharing and two corner-sharing tetrahedral LiO,
units, which are framed by four O atoms of different
naphthalene dicarboxylate units.'?! This molecular self-
assembly remains almost insoluble in common organic
electrolytes. Transmission electron microscopy (TEM)
images show that the material exhibits a needle-shaped
crystalline structure of about 10 um in length (Figure 2b,c).
The orientation of the needle-shaped crystal was calculated
from the selected-area electron diffraction (SAED) pattern
(Figure 2d). The orientation of the crystals revealed that the
longitudinal direction of the crystals was parallel to the c-axis,
thus indicating that the 2,6-Naph(COOLI), crystals grow in
the direction of the mstacking of the naphthalene unit
(Figure 2¢). High-resolution transmission electron microsco-
py (HRTEM) images confirm that the crystalline lattice has
a neatly layered structure comprised of organic and inorganic
units parallel to the direction of crystal growth (Figure 2 f).

The electrochemical performance of this sample was
examined in coin-type cells using Li metal as a counter
electrode. The potential-composition profile of the electrode
exhibited a flat plateau near 0.8 V, with a small polarization of
70 mV (Figure 3a). The discharge capacities for the first and
second cycles were 360 and 220 mAhg™!, respectively. As
shown in the inset in Figure 3 a, the reversible capacity derives
approximately 2Li" ions per molecule, which corresponds to
the theoretical capacity of this sample and is highly sustained
after the second cycle (inset in Figure 3 a). 2,6-Naph(COOLIi),
is superior in rate capability compared with a previously
reported similar material, terephthalic acid dilithium,’
under the same electrochemical conditions (see Figure S2 in
the Supporting Information). A potential difference and
irreversible capacity can be observed in the charge—discharge
curves during the first and second cycles. This phenomenon
will be discussed after the structural analysis of the Li
intercalation state (see Figure S6 in the Supporting Informa-
tion).

To understand the detailed Li-storage mechanism further,
ex situ XRD analyses of the 2,6-Naph(COOLI), electrodes
were conducted during the first discharge and charge cycles
(Figure 3b). The results show that the Li-storage phase
appears during the first discharge and disappears following
the charge, thereby indicating a fully reversible redox process.
In addition, the crystal structure of the 2,6-Naph(COOLI), in
the composite electrode maintains unaltered before and after
Li intercalation (see Figure S3 in the Supporting Informa-
tion). The flat plateau of the potential-composition profile in
Figure 3a and the evolution of the XRD patterns suggests
that a two-phase reaction, C;Hz(COOLI),«C, Hs-
(COOL1,),, occurs.

The detailed crystal structure during Li intercalation was
estimated from the XRD pattern and the corresponding
Rietveld refinement obtained on a discharged sample. A
sample for the diffraction experiment was prepared by
packing the powder removed from the discharged electrode
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Figure 3. a) Potential-composition profile for a Li/2,6-Naph(COOLi),
cell. Inset: corresponding discharge (circles) and charge (squares)
capacities versus cycle number for the same cell. b) XRD patterns for
the Li/2,6-Naph(COOLI), cell at various stages of the intercalation/
deintercalation reaction.

into a capillary tube and was analyzed by ex situ XRD in
transmission mode. The results of the Rietveld refinement
indicate that the layered framework of this material was
maintained during Li intercalation. As shown in Figure 4a,
the results of the Rietveld refinement using first-principles
calculations (see Table S2 and Figure S4a in the Supporting
Information for a detailed structural optimization) indicate
that there are two models for the Li intercalation state
(Figure 4b,c). Model 1 (Figure 4b) shows that the interca-
lated Li* ions form a distorted tetrahedral LiO,C structure
and are stabilized in their respective layers. The coordination
structure near the intercalated Li" ion (Figure 4d) shows the
naphthalene Catom of a covalently bonded carboxylate
group to have a negative charge (C°7) as a result of the
inductive effect of the carboxylate group, which contributes to
the Li*-C° interaction. The tetrahedral LiO;C network may
be primarily responsible for the Li transport pathways (see
Figure S5 in the Supporting Information). Model 2 (Fig-
ure 4¢) shows that the intercalated Li" is located in the -
stacked naphthalene layer (Figure 4¢). Electrochemically
doping Li into the m-stacking naphthalene layer would
thereby lead to electronic conduction through formation of
an electron donor/acceptor complex.!"!

We found that models 1 and 2 correspond to a supple-
mentary structure that contributes to the Li transport
involved in 0.2Li* per one molecule and a main structure
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Figure 4. Structural characterization of 2,6-Naph(COOLi), at the Li
intercalated state. a) Rietveld refinement for the lithium-intercalated
sample; the experimental powder XRD pattern (red + marks), calcu-
lated powder XRD pattern (green solid line), difference profile (pink
solid line), and peak positions (tick marks). Inset: structure of the
lithium-intercalated sample taken from its XRD pattern (intercalated
Li=orange, Li=yellow, O=red, C=blue, and H=white). b,c) The
structure after Li intercalation in model 1 (b) and model 2 (c) viewed
along the b-axis direction. d,e) The coordination geometry near the
intercalated Li* ions in model 1 (d) and the structure of Li-doped -
stacking naphthalene rings in model 2 (e).

that contributes to reversible capacity as well as the electron
transport involved in 2Li* per molecule, respectively (see
Figure S4 in the Supporting Information). The remaining Li
(0.2Li" per one molecule) remains in the crystal structure
after the initial cycle, and this is responsible for the reduction
in the IV resistance of these electrodes (see Figure S6 in the
Supporting Information). Rietveld refinement showed the
actual density of the obtained material in the Li intercalation
state to be 1.721 gcm ™ (see Table S3 in the Supporting
Information). In terms of the energy density that takes into
account the voltage and the density, 2,6-Naph(COOLi), can
be expected to have higher values of both per unit weight and
volume than LiTi;O;, (see Table S4 in the Supporting
Information).

Interestingly, the Rietveld refinement results obtained
from the actual experimental data of the charged and
discharged samples reveal that the unit cell volume expands
slightly after Li intercalation (4 0.33 %; see Table S3 in the
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Figure 5. Comparison of the change in the volume during redox
reactions and the operating potentials of a variety of intercalated
electrode materials.

Supporting Information). This value is one order of magni-
tude lower than that of the previously reported Fe-based
MOF electrodes such as LiK,;;Mn, ;[Fe™(CN)]* or
Fe"'(OH), F,,[0,C-CsH,-CO,] (Figure 5).?Y) Moreover, this
change in volume is much lower than that of the Li-
intercalated materials such as graphite carbon materials,”!
LiNiO,,?@ LiCo,;Ni;;Mn,;0,,%! Li,MnO;-LiCo, ;Ni,;Mn;,,
;0,2 Li,Ru,_,Sn,0,,* LiNi,sMn, ;O, spinel*! LiFePO,,
or A,FePOF (A =Na, Li);® it is comparable to that
observed for Li TisO;,, (ca.0.3% expansion of the unit
cell;?” the volume changes of the respective materials are
shown in Table S5 in the Supporting Information). Thus, the
molecular self-assembly of this material with a very small
volume strain and efficient electron and Li* transport during
Li intercalation leads to the observed electrochemical rever-
sibility and small polarization.

With respect to the molecular design strategy for the
iMOF, the naphthalene group is preferable to a benzene
group for generating the Li intercalation state because the
formation of the stable structures similar to model 1 and
model 2 in terephthalic acid dilithium is difficult due to
electrostatic repulsion. This has been confirmed from the
polarization results (see Figure S2 in the Supporting Infor-
mation) and the localization of electron density near the
naphthalene ring that is attributed to intercalated Li (see
Figure S7). The theoretical specific capacity of the active-
electrode materials is reduced if the aromatic rings are
extended, such as with anthracene and naphthacene. There-
fore, the naphthalene ring is ideal as the organic framework in
terns of both the electrostatic stability and specific capacity.
Similar arguments could be made even if Li" was replaced by
other cationic species such as Na®, K*, and quaternary
ammonium cations.
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In summary, we have demonstrated that an iMOF, 2,6-
Naph(COOLI),, electrode material has a desirable operating
potential of 0.5-1.0 V, which is a difficult potential with the
other electrode materials used as negative electrodes for high-
voltage bipolar Li-ion batteries, and shows a reversible Li
intercalation mechanism. Moreover, the iIMOF electrode
material also maintains its framework structure during Li
intercalation and is accompanied by a remarkably small
volume strain, which allows both electron and Li* transport
by molecular self-assembly, and thus provides the observed
favorable cycle stability. Our results indicate that the practical
application of the iMOFs will aid in the design of high energy
density batteries with improved safety. Thus, we believe that
these findings will create new design opportunities for high-
performing batteries. iMOFs will play an important role as
negative electrodes in the next generation of Li-ion batteries,
especially for large-scale applications.
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