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A self-assembled intercalated metal—organic
framework electrode with outstanding area
capacity for high volumetric energy asymmetric
capacitorst

Nobuhiro Ogihara,* Yuka Ozawa and Osamu Hiruta

The enhancement of the energy of electrochemical capacitors while maintaining high power, long-term
cycle stability and safety is challenging. Although there are several types of capacitors that realize high
energy density, a system that achieves high energy with safety is still desired. Here we introduce a novel
asymmetric capacitor with a negative electrode consisting of an intercalated metal-organic framework
(iIMOF) composed of 2,6-naphthalene dicarboxylate dilithium, which exhibits a flat plateau near 0.8 V vs.
Li/Li*, suitable for high voltage as well as safety. Furthermore, for high volumetric energy density, we
propose an extremely thick iIMOF electrode prepared by self-assembly of the active material and
conductive nanocarbon with an amphiphilic polymer, which possess efficient electron and Li* transport
pathways, and therefore exhibited an outstanding area capacity of over 2.5 mA h cm™2. Asymmetric
capacitors with iIMOF negative and activated carbon positive electrodes exhibited a high volumetric
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Introduction

In energy storage technology for large-scale applications, elec-
trochemical capacitors known as supercapacitors with suffi-
ciently high power capability, which corresponds to a rapid
charge-discharge response, play an important role in recov-
ering much of the available energy that is otherwise released as
heat."* Electric double-layer capacitors (EDLCs) with identical
electrodes composed of activated carbon (AC) with high specific
surface area have such high power capability because their non-
faradaic reactions associated with ion adsorption and desorp-
tion on the electrode surface exhibit excellent responses.
However, EDLCs exhibit lower voltage (2.5 V) and lower energy
density (ca. 10 W h L") than lithium (Li)-ion batteries. Pseu-
docapacitors containing electrochemical capacitors with high
energy density have been proposed,® such as manganese oxide
(MnO,), ruthenium oxide (RuO,),** nickel hydroxide (Ni(OH),),®
two-dimensional transition metal carbides and nitrides
(MXenes) in aqueous”™™ and non-aqueous'™ electrolyte
systems, molybdenum disulphide (MoS,) nanosheets in
aqueous™ and non-aqueous' electrolyte systems, and metal-
organic frameworks (MOFs).”” However, these systems are
currently limited by cell voltages of less than 1.2 V because of
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energy of 60 W h L™ with favorable power and cycle stability.

the aqueous electrolyte, and the need for thick electrodes
increases their mass loading weight,** so further research is
needed.

Asymmetric capacitors consisting of a faradaic intercalation
electrode and a non-faradaic electrode in non-aqueous elec-
trolytes have been proposed as an alternative to pseudocapaci-
tors and EDLCs."*?° Graphite,** Li,Ti50,,,%** TiO,-B* and T-
Nb,Os5 (ref. 20) have been used as intercalation negative elec-
trodes for asymmetric capacitors. An asymmetric capacitor with
a graphite electrode exhibited higher voltage close to 4 V and
higher energy density (ca. 60 W h L") than EDLCs.>* However,
graphite operating at 0.05 V (vs. Li/Li") (Fig. 1) has a safety risk
because Li-dendrite deposition can result in an internal short
circuit during Li intercalation at a high charging rate***® and/or
under low temperature conditions.”” As a result, the capacity
used is limited to less than 20%.?® Meanwhile, Li,TisO, oper-
ating at 1.55 V has an issue arising from the lower voltage
design (1.4-2.8 V) and lower energy density (ca. 40 W h L") of
the cell than graphite.*»*® Therefore, a negative electrode oper-
ating at an intermediate potential between those of graphite
and Li,Ti;O;, would be desirable.

In this work, we report a novel type of asymmetric capacitor
with intercalated MOF (iMOF) negative and AC positive elec-
trodes (Fig. 1) to achieve high energy density and suppress the
risk of Li-dendrite formation simultaneously, and a proposal of
a high-mass loading weight electrode preparation process for
the iMOF. Recently, we synthesized an iMOF of 2,6-naphthalene
dicarboxylate dilithium crystal (2,6-Naph(COOLI),) under mild
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Fig. 1 Comparison of the charge-discharge curves of an iMOF
electrode composed of 2,6-Naph(COOLi), with those of other
possible positive and negative electrodes used in asymmetric capac-
itors (capacities on the x-axis have been normalized).

conditions (see the Sample synthesis in Methods).>*** Unlike
other reported pseudocapacitive MOF electrode materials, 2,6-
Naph(COOLi), is nonporous in nature** and shows a lithium
intercalation reaction with two electron transfer of m-conju-
gated dicarboxylate operating at 0.8 V, which is between the
potentials of graphite and Li,Ti5;O;, (Fig. 1). As shown in Fig. 2,
the organic-inorganic layered framework of 2,6-Naph(COOLi),
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was composed of m-stacked naphthalene groups and a tetrahe-
dral LiO, network of the carboxylate salt, respectively, providing
chemical and electrochemical stability. 2,6-Naph(COOLI), has
a high density of ca. 1.6 g em ™, reversible specific capacity of
220 mA h g~' and remarkably small volume change (0.33%)
during Li intercalation, which is one order of magnitude lower
than that of other intercalation electrode materials. By our
detailed structural analysis of the lithium intercalated state,*
the proposed material possesses the tetrahedral LiO;C network
and Li-doped naphthalene packing, which are primarily
responsible for Li transport and electronic conduction path-
ways. Thereby the framework of 2,6-Naph(COOLi), (Fig. 2)
provides good cycle stability and 2D pathways for both electron
and Li" transport, allowing a facile redox response.

To design asymmetric capacitors with high energy density,
the area capacity ratio of positive and negative electrodes
should be optimized at a high loading weight of the active
material according to eqn (1).

Cap-negativemnegativelcap~positivempositive [1)

where Cap. and m are the specific capacity (mA h g~') and mass-
loading weight (mg cm2), respectively. This requires prepara-
tion of electrochemically active iMOF electrodes with high
loading weight, which leads to high area capacity (mA h em™?).
However, pristine organic electrode materials are mainly elec-
trical insulators, so a large content of conductive carbon (over
50%) is generally required to increase electrode conductivity
when using a conventional polyvinylidene fluoride (PVDF)
binder, which has hydrophobic properties.**** Therefore, the
active material content and loading weight of electrodes are
restricted, because it is difficult to disperse slurries of the active
material and the conductive carbon agent as electrode coatings.
As aresult, the area capacities of the reported organic electrodes
are limited and do not reach high values (less than 1 mA h
cm 2, see Fig. 5). Most of the research has been devoted to the
synthesis of new organic compound-based active materials. In
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Fig. 2 Structure of the before and after lithium-intercalated 2,6-Naph(COOLi), taken from their XRD patterns.?® Intercalated Li (orange), Li

(yellow), O (red), C (blue), and H (white).
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contrast, little consideration has been given to the studies on
the electrode design to take full advantage of the electro-
chemical performances of the organic electrode materials,
especially for thick electrodes at a high loading weight of active
material. Importantly, the experimental energy and power
capabilities measured for very thin and/or large amounts of
conducting carbon electrodes make only small contributions to
actual cell performance.**?® Herein, we will report on a high
loading weight iMOF electrode through self-assembly using
amphiphilic polymers with oxygen-containing functional
groups like carboxymethylcellulose (CMC) or polyacrylic acid
(PAA) containing both hydrophilic and hydrophobic units that
are able to self-assemble in aqueous solutions by non-covalent
interactions,®” which have often been used to synthesize drug
delivery agents**** and fluorescent materials.*

Experimental
Sample synthesis

The synthesis of 2,6-naphthalene dicarboxylate dilithium (2,6-
Naph(COOLi),) was reported previously.”® 2,6-Naph(COOLi),
was synthesized from lithium hydroxide monohydrate (4.85 g,
115.6 mmol) and 2,6-naphthalenedicarboxylic acid (10.0 g,
46.3 mmol) heated under reflux in 300 mL methanol. The
solution was initially clear, and then a white precipitate formed
over the course of 30 min. The suspension was stirred under
reflux conditions for 12 h. The mixture was evaporated, and
then the resulting solid was washed with methanol, and dried
under ambient conditions. The product was obtained as needle-
shaped white crystals (96.8% yield based on 2,6-Naph(COOLi),).

Electrode and electrolyte preparations

Amphiphilic polymer-based 2,6-Naph(COOLi), electrodes
were prepared by coating a dispersion of 77-82 wt% 2,6-
Naph(COOLi),, 13-14 wt% carbon black as a conductive agent,
2-6 wt% carboxymethylcellulose (CMC) or polyacrylic acid
(PAA) as an amphiphilic polymer, and 2-4 wt% styrene buta-
diene rubber (SBR) as a binder in water onto Cu foil. Electrode
loading weights of ca. 2, 4, 6, 8, 12 and 14 mg cm ™ > were used.
Conventional PVDF-based 2,6-Naph(COOLi), electrodes
were prepared by coating a dispersion of 79.6 wt% 2,6-
Naph(COOLi),, 13.0 wt% carbon black or carbon black with
vapor-grown carbon fibers as a conductive agent, and 7.4 wt%
PVDF binder in N-methyl-2-pyrrolidone onto Cu foil for
comparison. The electrode loading weight was ca. 2 mg cm ™2,
Activated carbon (AC)-based electrodes were also prepared by
coating a dispersion of 83 wt% AC (Kurare YP-20), 10.7 wt%
carbon black, 4 wt% CMC, and 2.3 wt% SBR in water onto Al
foil. The electrode loading weight was ca. 2 or 3 mg cm™>. All
electrodes were dried at 120 °C under vacuum for at least 10 h
before constructing electrochemical cells. The electrolytes in
this study were 1 M LiPF; dissolved in a solution of ethylene
carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate (EMC) (volume ratio of 30 : 40 : 30, respectively) and
1 M triethylmethylammonium tetrafluoroborate (NEt;MeBF,)
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dissolved in a solution of propylene carbonate. A microporous
polypropylene film was used as the separator.

Morphology characterization

The surface morphology of 2,6-Naph(COOLi), crystals and 2,6-
Naph(COOLi), electrodes was examined by scanning electron
microscopy (SEM, S-5500, Hitachi, Japan). Samples for cross-
sectional SEM analysis were prepared by an in situ focused ion
beam (FIB) technique. Images were recorded using a SEM
(NB5000 nanoDUE'T FIB-SEM, Hitachi) operating at 2 kw.
Cross-sectional images and elemental mapping of the 2,6-
Naph(COOLi), electrodes were obtained by electron probe
microanalysis (EPMA) (JXA-8500F JEOL, Japan) using an accel-
eration voltage of 7 kv and beam current of 50 nA. Prior to
EPMA, the samples were embedded in epoxy resin (EpoFix,
Struers) and cross-sectional samples were prepared using a FIB.

Electrochemical characterization

The electrochemical properties of Li/2,6-Naph(COOLI), and 2,6-
Naph(COOLIi),/AC cells were examined using coin- and lami-
nate-type cells, respectively, assembled with a separator filled
with an LiPF¢-based electrolyte in an argon-filled glove box. In
galvanostatic charge-discharge measurements to determine the
specific capacity and electrochemical reversibility of the 2,6-
Naph(COOLI), electrodes at 25 °C, coin-type cells were cycled
between 0.5 and 2.0 V vs. Li/Li" at a rate corresponding to fully
charging the theoretical capacity of 2,6-Naph(COOLi), per 10 h
at ca. 2,4, 6 and 8 mg cm ™~ and 20 h at ca. 12 and 14 mg cm >
For laminate-type cells, an AC electrode was used as the positive
electrode, and a Li pre-doped 2,6-Naph(COOLi), electrode was
used as the negative electrode. The electrolyte was the same as
that in the coin-type cells. For comparison, EDLCs with iden-
tical AC electrodes were assembled with a separator filled with
a NEt;MeBF,-based electrolyte. Galvanostatic charge-discharge
measurements of the 2,6-Naph(COOLI),/AC asymmetric capac-
itors and EDLCs were conducted at 25 °C between 1.5 and 3.8V,
and 0.0 and 2.5 V, respectively, at various current densities
between 1 and 100 mA cm ™ > to determine energy and power
densities. Prior to galvanostatic charge-discharge measure-
ments of the asymmetric capacitors, cells containing 2,6-
Naph(COOLi), and Li metal electrodes with a separator were
prepared. These cells were cycled between 0.5 and 2.0 V under
the same rate conditions as the coin-type cells and the state of
charge (SOC) of the 2,6-Naph(COOLI), electrodes was set at
50%. Asymmetric capacitors were then prepared using the
2,6-Naph(COOLI), electrodes taken from these cells and the AC
electrodes.

Electrochemical impedance spectroscopy using a symmetric
cell®*! was performed to determine the ionic resistance (R;op,) of
the porous 2,6-Naph(COOLi), electrodes. To do this, identical
2,6-Naph(COOLi), electrodes were assembled with a separator
filled with a LiPFs-based electrolyte. Electrochemical imped-
ance measurements (Solatron 1260/1286, England) of
symmetric cells were performed at an open-circuit potential.
The frequency was varied from 100 kHz to 100 mHz with

This journal is © The Royal Society of Chemistry 2016
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a perturbation amplitude of 10 mV (peak to peak). Measure-
ments were performed between —10 and 60 °C.

Results and discussion

Firstly, we prepare extremely thick electrodes having a high
electrochemical activity through self-assembly using amphi-
philic polymers, iMOF particles and conductive nanocarbon
materials. The schematic illustration in Fig. 3a shows the self-
assembled electrode preparation procedure. The crystal surface
of 2,6-Naph(COOLi), shows hydrophilic properties because of
carboxylate units (Fig. 2). In contrast, the surface of the con-
ducting nanocarbon shows hydrophobic properties. Therefore,
the self-assembly between 2,6-Naph(COOLi), and conductive
nanocarbon was attempted by hydrophilic and hydrophobic
interactions of amphiphilic polymers in aqueous slurry for
electrode coating. As shown in Fig. 3b, aqueous slurries of 2,6-
Naph(COOLi), and conductive nanocarbon with and without
the amphiphilic polymer are black and gray, respectively. This
indicates that the white 2,6-Naph(COOLI), particles are covered
by black conductive nanocarbon in the slurry with the amphi-
philic polymer, whereas the surface of 2,6-Naph(COOLi), is
exposed in the slurry without the amphiphilic polymer. This
means that the hydrophilic carboxylate groups on the side
chains and the hydrophobic main chain of the amphiphilic
polymer interact with carboxylate groups on the surface of the
2,6-Naph(COOLi), crystal and hydrophobic conductive nano-
carbon in solution, respectively. At low carbon contents, cross-
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sectional images of the electrodes prepared by coating of
the self-assembled aqueous slurry confirmed that 2,6-
Naph(COOLi), particles were covered with conductive nano-
carbon and revealed uniform pore structures in the depth
direction (Fig. 3c and d). Although pristine 2,6-Naph(COOLi),
consists of needle-shaped crystals with hundreds of nanosized
irregularities resembling intestinal villus (Fig. S17}), the irregu-
larities in the self-assembled electrode are coated with
conductive nanocarbon (Fig. S2t). This indicates that an
optimal electron transfer interface can form between 2,6-
Naph(COOLi), and conductive nanocarbon through self-
assembly driven by an amphiphilic polymer. Conversely,
aggregation of the conductive nanocarbon was observed
without covering 2,6-Naph(COOLi), particles in the electrode
prepared using the conventional polyvinylidene fluoride (PVDF)
binder (Fig. S37).

Next, the electrochemical performance of the self-assembled
2,6-Naph(COOLi), electrode was examined in cells using Li
metal as the counter electrode. The self-assembled 2,6-
Naph(COOLi), electrode has advantages of (i) low conductive
nanocarbon content, (ii) high mass-loading weight and (iii)
reversible electrochemistry. As shown in Fig. S4,f charge-
discharge profiles measured for Li/2,6-Naph(COOLi), cells
confirmed that the 2,6-Naph(COOLI), electrode prepared using
the amphiphilic polymer CMC possessed higher specific
capacity, which corresponds to approximately the theoretical
capacity of 2e~ and 2Li" per molecule, compared to that
prepared using PVDF under the same conditions, and favorable

i+
Covered by o2 Li (SOIV.)n

Amphiphilic % 5
polymer 4 " e

48009000, Coating & drying S . i
{2 O™ " GE

Covered by
Nano carbon P Y

®secccese®

Self-assembly in slurry aqueous solution

High —>
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(a) Schematic illustration of preparation of a porous 2,6-Naph(COOLi), electrode from a slurry of the active material and conductive

nanocarbon with the amphiphilic polymer. (b) Photographs of slurries of 2,6-Naph(COOLi), and conductive nanocarbon with (top) and without
(bottom) amphiphilic polymer CMC. (c) Cross-sectional scanning electron micrographs of the porous 2,6-Naph(COOLi), electrode. (d) Cross-
sectional electron probe microanalysis mapping of oxygen, carbon and chlorine in the prepared electrode, which correspond to 2,6-
Naph(COOLi), particles, conductive nanocarbon and pore structure filled with resin containing chlorine, respectively.
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2,4, 6, 8,12 and 14 mg cm 2. (b) Dependence of area capacity and specific capacity of 2,6-Naph(COOLI), electrodes on loading weight.

rate capabilities (Fig. S51). This means that the self-assembled
2,6-Naph(COOLi), electrode gives a reversible redox response at
a small amount of conductive carbon ratio by uniform coating
of conductive carbon onto 2,6-Naph(COOLi), particles, as
shown in Fig. 3c and d.

Importantly, as shown in Fig. 4a, the self-assembled 2,6-
Naph(COOLi), electrode maintained high reversible specific
capacities and small polarization at a high loading weight of ca.
14 mg cm > The area capacity increased linearly with loading
weight, and reached an outstanding value of 2.66 mA h cm™>
(Fig. 4b). This value is five times higher than those reported for
organic electrode materials of Li-based (0.5-0.7 mA h cm ™~ 2)*>*
and Na-based (0.2-0.5 mA h cm™ ?)** electrolyte systems
(Fig. 5), and comparable to those of high-capacity silicon-based
negative electrodes for Li-ion batteries (0.13-5.00 mA h cm ™ ?)
(Fig. S61).

To gain further insight into the ionic resistance in pores
(Rion) and the corresponding ionic conductivity of the prepared
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Fig. 5 Comparison of the area capacity of 2,6-Naph(COOLI), elec-
trodes with a high loading weight with those of other reported organic
redox electrode materials (blue: Li-base,**** and orange: Na-
base**°). The arrow is an approximate curve estimated by the least
squares method in the reported values.
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porous 2,6-Naph(COOLi), electrodes, electrochemical imped-
ance spectroscopy using symmetric cells that assemble the
identical 2,6-Naph(COOLI), electrodes with the separator filled
with the electrolyte®*** was conducted. This technique can focus
on the impedance of a single electrode without affecting the
other electrodes. Although the electrodes with high loading
weights of ca. 12 and 14 mg cm * exhibited relatively high
resistance at high frequencies of over 1 kHz (Fig. S7t), as shown
in Fig. 6a, the plots were linear with a 45° slope and vertical
from the real axis in the middle- and low-frequency regions,
respectively, which is the typical electrical blocking behavior of
porous electrodes without a charge-transfer reaction. Rj,, ob-
tained by fitting (see the ESI and Fig. S87) increased linearly
with loading weight (Fig. 6b). This indicates an ideal ionic
resistance related to the mass-loading weight as shown in eqn
(S3) in the ESIL.1 Therefore, the ionic conductivity in electrode
pores was constant for all electrode thicknesses (Fig. 6b) and
also exhibited identical temperature dependence regardless of
loading weight (Fig. S91). The use of CMC and its analogs as
binders has demonstrated improvement of cycle stability due to
high adhesion for graphite carbon or silicon negative electrode
materials.”*>® Unlike the previous reports, key finding of this
study is that amphiphilic polymers have a high selectivity for
both the iMOF and conducting carbon surfaces, whereas
hydrophobic PVDF selects only the hydrophobic conducting
carbon. Thereby, the conductive carbon is uniformly coated on
the iMOF surface in small amounts of conducting carbons with
amphiphilic polymers. Therefore, the self-assembled iMOF
electrode can lead to practically useful electrochemical perfor-
mance in a wide range of loading weights.

Finally, an asymmetric capacitor composed of Li-pre-doped
2,6-Naph(COOLi), negative and AC positive electrodes was
constructed in a laminate-type cell. As shown in Fig. 7a, the
asymmetric capacitor exhibited a higher voltage range of 1.5-
3.8 V compared with the EDLC. This asymmetric capacitor
utilized the high electric double-layer capacitances of both PFs ™~
anions and Li" cations at the AC positive electrode by the pre-
doping treatment with Li. This has been confirmed by the
results of the differential capacity dQ/dV plots of the same cells
(Fig. S10t). The asymmetric capacitor also showed long-term
cycle stability with a retention of 86% after 1000 cycles (Fig. 7b).
Previously we have confirmed that there is no change of obvious

This journal is © The Royal Society of Chemistry 2016
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(green) 81 : 19, (yellow) 77 : 23 and (red) 74 : 26. (c) Rate capability of the optimized cell is shown in Fig. S11.1 Inset: discharge curves of the same
cell at rates from 1 to 60C. (d) Comparison of volumetric energy versus power of the asymmetric capacitor, EDLC and other reported asymmetric

capacitors, such as graphite/AC?* and LisTisO1,/AC? cells.

size, shape and crystal structure before and after cycling.?® This
result in this study suggests that the favorable cycle perfor-
mances of the proposed asymmetric capacitor are attributed to
a very small volume strain during Li intercalation and the
insolubility of the self-assembled 2,6-Naph(COOLi), electrode
in common organic electrolytes. The energy and power perfor-
mances of the capacitor were optimized according to eqn (1) for
preferable electrode conditions®® (Fig. S11t). The capacitor can
be discharged under high rate conditions (discharge for 1 min
at 60C) (Fig. 7c, inset). The retention rate at 60C is ca. 60%
(Fig. 7¢), which is close to that of the pseudocapacitive electrode

This journal is © The Royal Society of Chemistry 2016

material orthorhombic 7-Nb,Os, which has high rate capa-
bility,>® and better than that of other Na-based asymmetric
capacitors with MXene electrode materials, such as a Ti,CT,
(negative)/Na,Fe(S,04); (positive) capacitor® or a hard carbon/
V,C capacitor. The proposed asymmetric capacitor exhibited
high gravimetric and volumetric energy (ca. 80 W h kg~ " and 60
W h L™, respectively) and gravimetric and volumetric power
(ca. 3.2 kW kg " and 2.3 kW L™, respectively) (Fig. 7d). Overall,
the capacitor exhibits an energy density that is five to six times
higher than that of typical EDLCs as well as comparable power
density, higher power density than a graphite/AC capacitor
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(ca. 1.2 kW L"), and higher energy density than a Li Ti5O;,/
AC capacitor (ca. 55 W h kg™', 40 W h L™").22 Although these
results reveal excellent full-cell performance compared to re-
ported asymmetric capacitors optimized by Li pre-doping®* or
using nanosized active materials® to maximize rate capability,
the power capability of the proposed asymmetric capacitors can
still be further improved.

Conclusions

In summary, the use of an iMOF, 2,6-Naph(COOLi),, electrode
material was demonstrated as an effective approach for
advanced asymmetric capacitors. This work developed an
outstanding area capacity on the iMOF electrode through self-
assembly using amphiphilic polymers, which allows efficient
electron and Li* transport not only in the bulk crystal but also in
the porous electrodes. Therefore, the proposed asymmetric
capacitors with iMOF electrodes possess both high volumetric
energy and power with safety. This study is a new approach to
organic-based electrodes. Thus, we believe that our finding of
self-assembled thick electrodes composed of iMOF not only
reveals the feasibility of organic-based electrode materials, but
also advances the evolution of supercapacitors.
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