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An intercalated metal-organic framework (iMOF) consisting of 2,6-naphthalene 
dicarboxylate dilithium (2,6-Naph(COOLi)2) is introduced as a novel electrode material for energy storage 
devices. This material has a characteristic organic-inorganic layered crystalline structure comprising 
π-stacked naphthalene packing and tetrahedral LiO4 units. The 2,6-Naph(COOLi)2 undergoes a two 
electron-transfer reaction with a flat plateau at a potential of 0.8 V vs. Li/Li+ and shows a very small change 
in unit-cell volume (0.33%) while maintaining the framework during Li intercalation. This volume strain 
reflects durability and is one order of magnitude lower than conventional intercalation electrode materials. 
The specific capacity and internal resistance of 2,6-Naph(COOLi)2 can be improved through ordering of the 
π-stacked naphthalene packing with heat treatment. The operating potential of the proposed iMOF negative 
electrode leads to the following features in energy storage devices: a reduction of safety risk with lithium 
plating and a high-voltage bipolar battery configuration due to the common use of Al current collectors for 
bipolar electrodes.
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1. Introduction

In rechargeable lithium-ion batteries for large-scale 
application, improvements in both battery and safety 
performance are required, and an electrode material 
with an appropriate operating potential is important 
for both. Basically, there have been two types of 
intercalation electrode materials for practical use, 
namely, lithium transition metal oxides(1,2) and 
graphite carbons.(3) With respect to electrochemical 
reversibility, which affects the cycle performance of 
an actual battery, intercalation electrode materials are 
of benefit because they undergo less severe volumetric 
changes of the main structure during cycling. As shown 
in Fig. 1(a), lithium transition metal oxides, which 
form layered, spinel, or olivine crystal structures, 
operate at potentials ranging from 1.5 to 5.0 V (vs. 
Li/Li+). Graphite, which forms a layered structure with 
graphene-stacking, operates around 0.1 V. Although 
negative electrodes operating in actual battery cells 
at a low potential provide a wide cell voltage, which 
is determined by the potential difference between 
the positive and negative electrodes, there is a safety 
risk due to the lithium deposition, which can cause 
an internal short circuit between the positive and 
negative electrodes. Lithium titanate spinel (Li4Ti5O12) 

operating at a potential of 1.55 V has previously 
been proposed as an alternative negative electrode 
material.(4) When lithium titanate is used, however, 
the cell voltage and total energy density become very 
low as a result. Layered LiMS2 (M = Ti, V) sulfides 
with redox couples of Ti3+/Ti2+ and V3+/V2+, which 
give flat plateaus at about 0.5 and 1.0 V, respectively, 
have been proposed.(5) However, the capacities of 
these materials decrease during cycling due to a 30% 
volumetric change during charge and discharge. 
We therefore strongly believe that it is desirable to 
operate negative electrodes in the potential range of 
0.5-1.0 V to minimize volumetric changes during 
cycling. Furthermore, because there are no Li-Al 
alloy reactions at potentials over 0.4 V, the target 
electrode materials can use Al current collectors, 
and high-voltage bipolar batteries can be constructed 
using Al current collectors for both the positive and the 
negative electrodes (Fig. 1(b)).

Under these circumstances, we focused on redox 
systems of π-conjugated aromatic dicarboxylate 
materials, which operate at potentials from 0.8 to 
1.4 V.(6,7) We found that some of the resulting materials 
have a characteristic layered crystalline structure that 
maintains the framework during cycling. Herein, we 
present intercalation electrode materials utilizing 
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stability up to 800 K, the sample powder was annealed 
at temperatures between 523 and 723 K for 12 h under 
an Ar atmosphere. As shown in Fig. 2(c), the product 
was a white or gray powder. No color changes were 
observed when comparing pristine and heated samples 
at annealing temperatures of 523-673 K. In contrast, 
color changes from white to grayish-white were 
confirmed above 673 K, indicating carbonization.

Figure 3 shows the dependence of the main XRD 
patterns of pristine and heated 2,6-Naph(COOLi)2 for 
the (011) (Fig. 3(a)) and (102) (Fig. 3(b)) reflections, 
which correspond to the patterns of inorganic 
tetrahedral LiO4 (Fig. 3(c)) and organic π-stacked 
naphthalene packing (Fig. 3(d)), respectively. There 
is a no 2θ position shift of the (011) reflection upon 
annealing (Fig. 3(a)); therefore, the structure of the 
inorganic unit is not affected by annealing. In contrast, 
the (102) reflection shifted to higher 2θ positions and 
decreased the full width at half maximum (Fig. 3(b)) 
upon annealing. For a pristine sample and a sample 
annealed at a low temperature of 523 K, two wide 
peaks were observed. This implies that several types of 
naphthalene packing and disordered structures exist. 
At annealing temperatures above 573 K, a single peak 
with a positive shift was observed, indicating densely 
ordering of the π-stacked naphthalene packing units. 
These results suggest that annealing improves the 
organic naphthalene packing ordering with no change 
in the inorganic LiO4 network unit.

metal-organic frameworks (iMOFs) operated at 
a target potential of 0.8 V, as shown in Fig. 1(a). MOFs 
are crystalline materials that are composed of extended 
networks of metal ions connected by functionalized 
organic links to form three-dimensional networks.(8,9) 
In this paper, 2,6-naphthalene dicarboxylate dilithium 
(2,6-Naph(COOLi)2)   (Fig.  2(a))   is   introduced   as
a representative iMOF electrode material for 
next-generation energy storage devices.(10-12)

2. Characterization of Intercalated Metal-organic 
Framework

2,6-Naph(COOLi)2 was synthesized under 
reflux conditions in methanol by proton exchange 
reaction with lithium hydroxide monohydrate and 
2,6-naphthalenedicarboxylic acid. An X-ray powder 
diffraction (XRD) pattern and the corresponding 
Rietveld refinement of the pristine sample confirmed 
that the 2,6-Naph(COOLi)2 forms organic and 
inorganic layered crystalline structures in the a-axis 
direction comprising π-stacked naphthalene packing 
and tetrahedral LiO4 network units, respectively 
(Fig. 2(a)). The tetrahedral LiO4 units are framed by 
four O atoms of different naphthalene dicarboxylate 
units. This three-dimensional interaction provides 
almost complete insolubility in common organic 
electrolytes and thermal stability up to 800 K (527°C) 
(Fig. 2(b)).

Because 2,6-Naph(COOLi)2 has a high thermal 

Fig. 1 (a) Comparison of the electrode charge-discharge curves of the iMOF, 2,6-Naph(COOLi)2, with those of other possible 
positive and negative intercalation electrodes with the effective potential ranges of Al and Cu current collectors. 
(b) Li-ion batteries connected in series (top) and proposed high-voltage bipolar Li-ion batteries (bottom).
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between the discharge and charge processes, which 
suggests that the polarization is due to the internal 
resistance of the electrode active materials for Li 
intercalation, decreased upon increasing the annealing 
temperature to 623 K, and increased for samples 
annealed above 673 K. Thus, the annealing of samples 
decreases the internal resistance, and the samples 
annealed at 573 and 623 K had the lowest internal 
resistance. This trend is similar to that observed for 
reversible capacity. Therefore, samples annealed at 
573-623 K have a suitably high reversible capacity as 
well as a low internal resistance.

Comparing the reversible capacity and lattice 
constant of the unit cell, the reversible capacity showed 
a correlation with changes in the lattice parameter of 
the c-axis (Fig. 5(a)). The lattice parameter of the c-axis 
corresponds to the (102) reflection, i.e., the direction 
of the π-stacked naphthalene packing (Fig. 3(d)). 
A similar trend was confirmed with respect to both the 
reversible capacity and the inverse of the IV resistance 

3. Electrochemical Behavior

Figure 4(a) shows charge-discharge curves of 
Li/2,6-Naph(COOLi)2 cells using pristine and 
annealed samples at various temperatures. All cells 
showed a flat plateau at a potential of 0.7 V. As shown 
in the inset of Fig. 4(a), the reversible capacities of 
the annealed samples were ca. 20 mAh g−1 higher than 
that of the pristine sample, and the sample annealed 
at 623 K had the highest reversible capacity. In 
contrast, samples annealed above 673 K had slightly 
lower specific capacities than samples annealed below 
623 K. As shown by the differential capacity dQ/dV 
plots in Figs. 4(b) and (c), the potential peak difference 

Fig. 3 Powder XRD patterns for main reflections of 
(a) (011) and (b) (102) planes for pristine and 
annealed 2,6-Naph(COOLi)2 samples, and 
schematic illustrations of the (c) (011) plane of the 
inorganic unit of the tetrahedral LiO4 network and 
the (d) (102) plane of the organic unit of π-stacked 
naphthalene packing.

Fig. 2 (a) Structure of a pristine sample taken, according 
to its XRD pattern (Li = yellow, O = red, C = blue,

  and H = white). (b) TG-DTA analysis of 
2,6-Naph(COOLi)2 and (c) photographs of pristine 
and annealed samples.
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samples shown in Fig. 2(c).
For Li/2,6-Naph(COOLi)2 cells based on optimized 

electrode material samples, as shown in Fig. 6(a), the 
discharge capacities for the first and second cycles 
were 360 and 220 mAh g−1, respectively. The reversible 
capacity indicates an approximately two-electron 
transfer reaction, which corresponds to the theoretical 
capacity of 2,6-Naph(COOLi)2, and is maintained after 
the second cycle (inset in Fig. 6(a)). To understand the 
Li intercalation mechanism, ex situ XRD analyses of 
2,6-Naph(COOLi)2 electrodes were performed during 
the first discharge and charge cycles (Fig. 6(b)). The 

(Fig. 5(b)), which were highest for the sample annealed 
at 573 K. In contrast, the length of the c-axis decreases 
with increasing annealing temperature, but remains 
relatively constant for annealing temperatures greater 
than 573 K. This indicates that the reversible capacity 
increases and the internal resistance decreases because 
of the formation of an efficient electron and Li+ 
pathway in the framework by narrowing the π-stacked 
naphthalene interlayer distance through ordering. 
Samples annealed at temperatures above 573 K 
become redox inert, partially because they begin to 
carbonize, as is evident in the pictures of annealed 

Fig. 4 Comparison of the (a) charge-discharge curves, inset: end of the discharge curves for a Li/2,6-Naph(COOLi)2 cell using 
pristine 2,6-Naph(COOLi)2 and samples annealed at various temperatures. Differential capacity dQ/dV plots of (b) the 
discharge and (c) charge processes, which were calculated from the data shown in Fig. 4(a). The composition of the 
electrode was active material, carbon black, carboxy methyl cellulose, and styrene butadiene rubber (77.7:13.7:5.5:3.2 
weight ratio, respectively).

Fig. 5 (a) Changes in the specific capacities and (b) the inverse of the IV resistance, and the lattice parameter of the c-axis as 
a function of annealing temperature. The IV resistance was calculated from the data of the polarization (V ) obtained from 
the potential peak gap of the difference capacity dQ/dV plots shown in Figs. 4(b) and (c), and the measured current (I ).
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Fig. 8. Model 1 shows that the intercalated Li+ ions 
form a distorted tetrahedral LiO3C structure in their 
respective layers (Fig. 8(a)). The coordination structure 
near the intercalated Li+ (Fig. 8(c)) suggests that the 
naphthalene C atom of a covalently bonded carboxylate 
group with a negative charge (Cδ−) contributes to the 
Li+- Cδ− interaction through an inductive effect of the 
carboxylate group. This tetrahedral LiO3C network 
may be primarily responsible for the Li conduction 
pathways into the bulk crystal. In contrast, Model 2 
(Fig. 8(b)) shows that the intercalated Li+ is located 
inside the π-stacked naphthalene packing, which 
indicates electrochemical doping of the Li into the 
π-stacked naphthalene layer (Fig. 8(d)). This leads 
to electronic conduction through the formation of 
an electron donor/acceptor complex.(25-28) Thus, the 
metal-organic framework of this material with a very 
small volume strain and efficient electron and Li+ 
transport during Li intercalation leads to the observed 
electrochemical reversibility and small polarization.

5. Battery  Performance  with  Intercalated 
Metal-organic  Framework  Electrodes

A 4 V single cell was fabricated with 
2,6-Naph(COOLi)2 negative and high operating 
potential LiNi0.5Mn1.5O4

(18,29,30) positive electrodes 
(Fig. 1(a)). The resulting charge-discharge test (inset 

ex situ XRD patterns indicate a fully reversible redox 
process. The flat plateau profile and the evolution of 
the XRD patterns suggest that a two-phase reaction, 
C10H6(COOLi)2 ↔ C10H6(COOLi2)2, occurs.

4. Detailed Lithium Intercalation Mechanism

The detailed crystal structure of this sample during 
Li intercalation was estimated from the XRD pattern 
and the corresponding Rietveld refinement obtained 
for a discharged sample. The results of the Rietveld 
refinement indicate that the layered framework of 
this sample was maintained during Li intercalation. 
Interestingly, the unit cell volume expands slightly 
after Li intercalation (+0.33%). As shown in Fig. 7, 
this value is one order of magnitude lower than that 
of Li-intercalated electrode materials such as graphite 
carbon materials,(13) LiNiO2,(14) LiCo1/3Ni1/3Mn1/3O2,(15) 
Li2MnO3-LiCo1/3Ni1/3Mn1/3O2,(16) Li2Ru1-ySnyO3,(17) 
LiNi0.5Mn1.5O4    spinel,(18)    LiFePO4,    or    A2FePO4F
(A = Na, Li),(19) and is comparable to that 
observed for Li4Ti5O12, (ca. 0.3%).(20,21) Moreover, 
this change in volume is much lower than 
that of the previously reported Fe-based MOF 
electrodes such as LixK0.14Mn1.43[FeIII(CN)6](22) or 
FeIII(OH)0.8F0.2[O2C-C6H4-CO2].(23,24) 

Detailed structural analysis indicated that there are 
two models for the Li intercalation state, as shown in 

Fig. 6 (a) Potential-composition profile for a Li/2,6-Naph(COOLi)2 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)2 cell at 
various stages of the intercalation/deintercalation reaction. The composition of the electrode was active material, 
carbon black, vapor-grown carbon fiber, and polyvinylidene fluoride (66.7:11.1:11.1:11.1 weight ratio, respectively).
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Fig. 7    Comparison of the changes in volume during redox reactions.

Fig. 8 (a, b) The structure after Li intercalation in model 1 (a) and model 2 (b) viewed along the b-axis direction. 
(c, d) The coordination geometry near the intercalated Li+ ions in model 1 (c) and the structure of Li-doped 
π-stacking naphthalene rings in model 2 (d).
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double-layer capacitors(32) or Li4Ti5O12/activated 
carbon cells,(33,34) Si radical/graphite cells,(32) or 
nano-TiO2-B/activated carbon cells,(35) which are 
candidates for high power storage applications. Using 
a gel-polymer electrolyte, we fabricated two-stack 
bipolar 2,6-Naph(COOLi)2/LiNi0.5Mn1.5O4 cells 
(Fig. 10(a)), successfully constructing an 8 V bipolar 
cell by connecting only two cells in series in a single 
pack (Fig. 10(b)).

6. Conclusions

In summary, we have demonstrated that an iMOF 
(2,6-Naph(COOLi)2) electrode material has a desirable 
operating potential of 0.5-1.0 V for high voltage bipolar 
Li-ion batteries, along with a reversible Li intercalation 
mechanism. The iMOF electrode material also 
maintains its framework structure and is accompanied 
by a remarkably small volume change during Li 

of Fig. 9(a)) demonstrates a cell voltage of 3.9 V 
and a reproducible reversible capacity (Fig. 9(a)). As 
shown in Fig. 9(b), when using an Al current collector 
for both electrodes, the resulting discharge rate 
performance reveals that the proposed cells have 
a significantly higher specific energy (300 Wh kg−1) 
than the previously reported 3 V Li-ion battery with 
Li4Ti5O12/LiNi0.5Mn1.5O4 cells (200 Wh kg−1)(31) 
because of the higher cell voltage. Furthermore, the 
cells demonstrate a high specific power (100 Wh kg−1) 
of about 5 kW kg−1, comparable to current electric 

Fig. 9 (a) Discharge capacities versus cycle number 
of a 2,6-Naph(COOLi)2/LiNi0.5Mn1.5O4 cell. 
Inset: charge-discharge curves of the same cell. 
(b) Comparison of specific energy versus specific 
power plots of the stackable cell composed of 
a negative electrode operating at more than 0.5 V 
(versus Li/Li+).

Fig. 10 (a) Illustration of the prepared two-stacked 
2,6-Naph(COOLi)2/LiNi0.5Mn1.5O4 bipolar cell. 
(b) Charge-discharge curves of single and two-stacked 
bipolar 2,6-Naph(COOLi)2/LiNi0.5Mn1.5O4 cells 
using a PVdF-HFP-based gel-polymer electrolyte. 
The dotted line shows the half voltage of the 
two-stacked bipolar cell.
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