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Redox-active metal—organic framework as an
anode-active material for rechargeable aqueous
manganese dioxide batteries with very high-rate
capabilities

*abc

Ryota Akai, 2@ Hitoshi Kasai® and Kouki Oka

Rechargeable aqueous manganese-based batteries are attracting considerable attention because they consist of
Earth-abundant elements, are environmentally friendly, and exhibit high theoretical capacity. To avoid
deteriorating battery performance owing to dendrite formation on the zinc anode surface, organic-
manganese dioxide batteries using redox-active organic materials as the anode-active material feature
dendrite-free and highly durable charge storage. However, organic anode-active materials usually suffer from
poor counterion diffusion, and their low conductivity prevents electron conduction to the interior of the
materials, rechargeable aqueous organic-manganese dioxide batteries exhibiting a discharge capacity close to
the theoretical capacity and high coulombic efficiency have not been previously achieved. In the current
work, we fabricated a novel rechargeable aqueous metal-organic framework (MOF)-manganese dioxide
battery with a redox-active MOF as the anode-active material, which provided pores for efficient ion diffusion
and a small particle size to promote electron conduction throughout the material. The developed battery
exhibited a discharge capacity close to theoretical capacity (>99% of the theoretical capacity), high coulombic
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Introduction

The recent widespread use of vehicles and portable electronics
has driven the requirement for energy storage devices, with
lithium-ion batteries (LIBs) and lead-acid batteries (LABs)
dominating the global market." LIBs exhibit high energy and
power densities and are mainly used in mobile devices.>* LABs
are mainly used in vehicles owing to their low cost and facile
maintenance.>® However, LIBs contain scarce elements (e.g.,
cobalt and nickel) and flammable electrolytes.>* LABs use lead
as the electrode-active material, which exhibits low energy and
power density, and its toxicity conflicts with current environ-
mental regulations.>® To achieve large-scale energy-storage
systems suitable for a sustainable society, new technologies
based on abundant resources and harmless aqueous-based
electrolytes are required.””®

In recent years, rechargeable aqueous manganese-based
batteries have attracted considerable interest due to their high
theoretical capacity and use of Earth-abundant and low-toxicity
materials and aqueous electrolytes.”'® Most of these batteries
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efficiency (99%), and high-rate capabilities, while maintaining high cyclability.

store charge via a two-electron MnO,/Mn>" mechanism, and
other valence states of manganese (Mn°, Mn>", Mn**, Mn**, and
Mn”") could be applied to innovative rechargeable aqueous
manganese-based batteries.” State-of-the-art rechargeable
aqueous zinc-manganese dioxide batteries using zinc featuring
a negative electrode potential (—0.76 V vs. SHE) exhibited high
voltage (approximately 1.5 V); however, dendrite formation on
the surface of the zinc anode during charge/discharge cycling
degraded cyclability over time.*” Therefore, to improve battery
performance, it is necessary to develop dendrite-free anode-
active materials and exhibit high cyclability.

Unlike metal and inorganic electrode-active materials,
organic materials consist of Earth-abundant elements, their
functionality is highly tunable by controlling the molecular
design,”™® and they do not form dendrites. Rechargeable
aqueous organic-manganese dioxide batteries have been fabri-
cated using organic materials such as organic molecules,'>
polymers,**** and covalent-organic frameworks®***” as anode-
active materials. These batteries exhibited high cyclability,
and their voltage and discharge capacity were modulated by
controlling the molecular design.'*” However, organic mate-
rials tended to aggregate preventing efficient counterion diffu-
sion,® and their conductivity prevented electron
conduction to the interior of the materials.***' Therefore,
rechargeable aqueous organic-manganese dioxide batteries
exhibiting a discharge capacity close to the theoretical capacity

low
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and high coulombic efficiency have not been previously
reported.

In the current work, we utilized metal-organic frameworks
(MOFs) as anode-active materials, based on the hypothesis that
their high crystallinity would enable efficient counterion diffu-
sion and their small particle size would enhance electron
conductivity throughout the material.**** Among the numerous
MOFs, we selected UiO-66 because it exhibited high stability in
acidic aqueous solutions.***” We prepared UiO-66-(OH),, which
exhibited reversible charge storage capabilities in an acidic
aqueous electrolyte in the presence of manganese ions. A novel
rechargeable aqueous MOF-manganese dioxide battery with
UiO-66-(OH), as the anode-active material, MnO, as the
cathode-active material, and 1 M MnSO, + 0.05 M H,SO,
aqueous electrolyte, respectively, was demonstrated. This
battery demonstrated excellent performance, achieving
a discharge capacity close to theoretical capacity (>99% of the
theoretical capacity), very high coulombic efficiency (99%), and
high-rate capability, while maintaining high cyclability.

Results and discussion
Characterization of Ui0-66-(OH),

As illustrated in Fig. 1a, UiO-66-(OH), was synthesized using
a microwave method. In electrode-active materials with low
conductivity, charge carriers are well-known to be conducted to
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a depth of up to 100 nm from the conductive surface.*® There-
fore, by reducing the microwave reaction time and concentra-
tion, as illustrated in the scanning electron microscopy (SEM)
image in Fig. 1b, we prepared UiO-66-(OH), of an average
particle size of 70 & 30 nm. As illustrated in Fig. 1c and d, the
Brunauer-Emmett-Teller (BET) surface area and pore size of
Ui0O-66-(OH), were evaluated based on nitrogen gas adsorption/
desorption isotherms measured at 77 K. The BET surface area
was 578 m” g~ ', and the pore-size distribution demonstrated
peaks at 0.6 and 1.2 nm, which were considerably larger than
the radius of the hydronium ion (0.10 nm).** The powder X-ray
diffraction (PXRD) pattern for UiO-66-(OH), in Fig. 1e indicated
that it had the same crystal structure as simulated UiO-66 re-
ported previously.*” In addition, UiO-66-(OH), maintained its
crystallinity even after immersion in a 1 M MnSO, + 0.05 M
H,SO, aqueous solution for 24 h, indicating its high stability in
the electrolyte. Thermogravimetric analysis (TGA) weight-loss
curves for UiO-66-(OH), were illustrated in Fig. 1f and S2.
Three weight-loss steps were observed, corresponding to
desorption of the adsorbed water, dehydration of the Zr clus-
ters, and decomposition of 2,5-dihydroxyterephthalic acid
(organic linker).**>*> Analysis of these curves confirmed that the
prepared UiO-66-(OH), had 4.20 linkers per Zr cluster, whereas
the theoretical number of linkers was 6 per Zr cluster. There-
fore, the molecular weight and theoretical capacity were
1598.5 ¢ mol ' and 140.8 mAh g%, respectively. (The detailed
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(a) Synthesis process for UiO-66-(OH),. (b) SEM image of UiO-66-(OH),. (c) Nitrogen adsorption isotherms of UiO-66-(OH), measured at

77 K. After measurement, UiO-66-(OH), maintained its crystallinity (Fig. S1). (d) Pore-size distribution of UiO-66-(OH),. (e) PXRD patterns of
simulation of UiO-66 (ref. 49) (black), as-synthesized UiO-66-(OH), (blue), and UiO-66-(OH), after immersion in 1 M MnSO4 + 0.05 M H,SO,4
aqueous solution for 24 h. (f) TGA weight-loss curve of UiO-66-(OH), in air.
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calculation method is described in Experimental sections S2.2
and S2.7).

Electrochemical properties of UiO-66-(OH),

The electrochemical properties of UiO-66-(OH), in 1 M MnSO, +
0.05 M H,SO, aqueous electrolyte were characterized. In order
to avoid possible oxidation of Mn>" ions by dissolved
oxygen,*>* the following electrochemical measurements were
performed under an argon atmosphere. Following the proce-
dure described in Experimental section S2.3, we prepared UiO-
66-(OH),/graphene mesosponge (GMS)***” composite electrodes
at a mass loading of UiO-66-(OH), of approximately 0.5 mg. As
illustrated in Fig. 2a UiO-66-(OH),/GMS composite electrode
exhibited an irreversible oxidation peak at approximately
+0.70 V vs. Ag/AgCl in the first cycle, corresponding to the
extraction of protons hydrogen-bonded to carboxyl groups.*®
Once the electrode was oxidized, the redox peak at +0.11 V vs.
Ag/AgCl was dominant compared to the irreversible oxidation
peak at +0.70 V vs. Ag/AgCl, presumably because the reforma-
tion of the hydrogen bonds took a long time.”® The molecular
electrostatic potential (MESP) mapping by density functional
theory (DFT)*** revealed that oxygen atoms of the p-
benzoquinone moiety exhibited significant negative MESP
values (red), supporting their suitability for proton storage. The
MESP mapping also showed relatively positive values (blue) of
OH moieties of Zr-OH sites, indicating high affinity for proton
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uptake. The DFT calculations supported efficient proton inser-
tion and extraction for fast charging and discharging of the UiO-
66-(OH),/GMS composite electrode.® As illustrated in Fig. 2a
and S4, a UiO-66-(OH),/GMS composite electrode exhibited
redox peaks at E;;, = +0.11 V vs. Ag/AgCl in a 1 M MnSO, +
0.05 M H,S0O, aqueous electrolyte, E,,, = +0.15 V vs. Ag/AgCl in
a 0.05 M H,SO, aqueous electrolyte, and —0.12 V vs. Ag/AgCl in
a 1 M MnSO, aqueous electrolyte, suggesting that the 1,4-di-
hydroxybenzene moiety in a 1 M MnSO, + 0.05 M H,SO,
aqueous electrolyte exhibited charge storage with two electrons
and two protons.®?>*¢62

To evaluate the mobility of protons in the pore, the proton
conductivity of UiO-66-(OH), was measured by electrochemical
impedance spectroscopy (EIS). The resulting Cole-Cole plot in
Fig. 2b exhibited dielectric relaxation in the high-frequency
region. Fitting this plot using an equivalent circuit® in Fig. S5
gave a proton conductivity of 2.49 x 107°S cm ™" at 95% relative
humidity (RH) and 25 °C. As illustrated in Fig. S6, the direct
current (DC) resistance measurements yielded a DC electrical
conductivity of 2.72 x 107° S ecm ' The value of 2.49 x
107° S cm ! was much larger than 2.72 x 107° S em ™, sup-
porting that 2.49 x 107° S cm ™' was the proton conductivity.
The Arrhenius plot in Fig. S7 gave an activation energy (E,) of
1.57 eV, which was larger than 0.4 eV, suggesting that proton
conduction in UiO-66-(OH), predominantly occurred via the
vehicle mechanism.® Water-coordinated linker defects in UiO-
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(a) Cyclic voltammogram of a UiO-66-(0OH),/GMS composite electrode in a 1 M MnSO,4 + 0.05 M H,SO,4 aqueous electrolyte measured

under an Ar atmosphere at a scan rate of 10 mV s~*. (b) Cole—Cole impedance spectrum for a disk-shaped pellet of UiO-66-(OH), measured at
95% RH and 25 °C. As shown in Fig. S6, we measured the impedance and the direct current resistance in the through-plane (through-thickness)
direction of the pelletized sample, which had a diameter of 10 mm and a thickness of 0.45 mm. The flattened semicircles represented the bulk
and grain boundary resistances.®® The crystallinity was maintained even after impedance measurements (Fig. S4). (c) Charging (black)/discharging
(red) profiles of the UiO-66-(OH),/GMS composite electrode at 5C. (Inset) Cycle test of the electrode at 20C. (d) Rate capabilities of the UiO-66-
(OH),/GMS composite electrode at 5, 10, 20, 30, and 45C.
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66 generated terminal Zr-OH, and Zr-OH sites.** These
hydrated defects served as proton donors, and the coordinated
and adsorbed water molecules enabled proton conduction
predominantly, in which mobile protons diffused within the
pore.”* Therefore, although the theoretical capacity decreased
depending on the number of linker defects, they provided
continuous diffusion pathways of protons within the pore,
which led to fast proton/charge transport of UiO-66-(OH), (ref.
51) for high-rate capabilities of the UiO-66-(OH),/GMS
composite electrode. The TGA data in Fig. 1f exhibited that UiO-
66-(OH), preferentially adsorbed water, and protons moved
quickly in the pores based on the vehicle mechanism, sug-
gesting that UiO-66-(OH), should exhibit high-rate capabilities
when used as an electrode-active material.

As illustrated in Fig. 2c, in a 1 M MnSO, + 0.05 M H,SO,
aqueous electrolyte, the UiO-66-(OH),/GMS composite electrode
exhibited a plateau potential at +0.15 V vs. Ag/AgCl. The discharge
capacity of the electrode was 140.5 mAh g™, which was close to the
theoretical capacity (140.8 mAh g~ ") estimated from the molecular
weight of UiO-66-(OH),. Based on small particle size (<100 mm)
and high porosity (BET surface area: 578 m> g~ ' and dominant
pore size: 0.62 nm), ions in the electrolyte could efficiently enter
the pores, and almost all organic linkers store protons and elec-
trons. As shown in Fig. S10, in order to clarify the possible
contribution of GMS and PVdF, a control experiment using a GMS/
PVAF composite electrode was conducted under the same
electrochemical conditions. The resulting discharge capacity of the
GMS/PVAF composite electrode was less than 5% of that obtained
for the UiO-66-(OH),/GMS composite electrode, indicating the
contribution from GMS was negligible (which was also discussed
in ref. 24). Therefore, as shown in Fig. 2a, the observed capacity
was attributed predominantly to the UiO-66-(OH),. As illustrated in
Fig. 2c inset, the UiO-66-(OH),/GMS composite electrode main-
tained more than 98% of the initial discharge capacity after 50
cycles. Inductively coupled plasma-mass spectrometry (ICP-MS)
revealed that the amount of dissolved Zr detected in the electro-
lyte was less than 8 atom% of the total Zr initially present in the
anode. This minor dissolution was most likely attributed to Zr-
OH, and Zr-OH groups located at linker defect or edge sites, which
have been reported to be labile in acidic aqueous solutions.** In
contrast, the coordination bonds of Zr-OC were highly robust
owing to their high bond energy of 766.1 k] mol ".* In addition,
the PXRD measurements and SEM images before and after cycle
test exhibited no noticeable degradation (Fig. S11 and S12), as
discussed in detail in the next batteries' section, and the discharge
capacity decreased by only 2% after 50 cycles (Fig. 2c) and
remained nearly unchanged thereafter. These results demon-
strated that the organic linkers responsible for charge storage were
retained and that UiO-66-(OH), maintained its crystallinityina 1 M
MnSO, + 0.05 M H,SO, aqueous solution, even in the presence of
linker defects. As illustrated in Fig. 2d, even at 45C, a discharge
capacity of the electrode was 132.5 mAh g~ (94% of that at 5C
close to the theoretical capacity) owing to the high proton
conductivity in the pores of UiO-66-(OH),. As shown in Fig. S13,
from the variation of peak potentials with scan rate using the
Laviron method,” the apparent rate constants (k,) for both
oxidation and reduction were estimated to be 6.2 x 10 > s~ *. The
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value of k, of the UiO-66-(OH),/GMS electrode was several times
higher than that of previously reported redox-active organic
materials.’*”»” As a result, the UiO-66-(OH),/GMS electrode would
be expected to exhibit outstanding rate performance. As illustrated
in Fig. S11 and S14, a MnO, (e-phase®****°) electrode in 1 M MnSO,
+ 0.05 M H,S0O, aqueous electrolyte exhibited a redox reaction at
+0.10 V vs. Ag/AgCl (Mn>" + 2H,0 S MnO, + 4H" + 2¢7).°

As described above, UiO-66-(OH), achieved a discharge
capacity close to the theoretical capacity and high coulomb
efficiency (>99%) based on its high crystallinity facilitating
counterion diffusion and on its small particle size controlled by
the synthesis method, while maintaining high cyclability (>98%
after 50 cycles).

Rechargeable aqueous MOF-manganese dioxide batteries

As shown in Fig. 3a and b, rechargeable aqueous MOF-
manganese dioxide batteries were fabricated with a MnO,
cathode, UiO-66-(OH),/GMS composite anode, and 1 M MnSO,
+ 0.05 M H,SO, aqueous electrolyte. The MnO, electrode was
prepared by electrodeposition® (see Experimental section S2.5
for details). As illustrated in the charging/discharging curves in
Fig. 3c, the plateau voltage and coulombic efficiency of the
battery were 0.84 V and >99%, respectively. As illustrated in
Fig. 3c, since the discharge capacity was 140.1 mAh g~ * (close to
the theoretical capacity of 140.8 mAh g~' estimated from the
molecular weight), almost all of the organic linkers participated
in proton and electron storage. As shown in Fig. 3c inset, the
battery exhibited high cyclability, maintaining 99% of the initial
capacity after 50 cycles. As shown in Fig. S11 and S12, the PXRD
measurements and SEM images demonstrated that UiO-66-
(OH), and MnO, retained their original crystalline structure and
morphology even after 50 cycles, indicating their high structural
and morphological stability. As shown in Fig. S15, a long-term
cycle test of the rechargeable aqueous MOF-manganese
dioxide battery was also performed. The battery retained 95%
of its initial capacity even after 1000 cycles, demonstrating
relatively high cyclability compared to other batteries listed in
Table S2. In addition, the rate capabilities in Fig. 3d illustrated
that, even at a very high-rate of 45C, the rechargeable aqueous
MOF-manganese dioxide battery had a discharge capacity of
135.1 mAh g ', which was 96% of the theoretical capacity,
presumably because UiO-66-(OH), had high porosity and crys-
tallinity for efficient counterion diffusion as described above.
The battery delivered a maximum power density of 5327 W kg™*
at 45C, estimated based on the mass of the anode-active
material (see Experimental section S2.7 for details). As shown
in Fig. S16, a cycle test of the battery at different C-rates was also
performed. At the highest rate of 45C, the discharge capacities
remained unchanged during charge and discharge, confirming
the high stability and reversibility of the battery under high-rate
operation.

Fig. 3e, f and S17, along with Table S2, summarize the
advantages of the rechargeable aqueous MOF-manganese
dioxide battery compared to previously reported rechargeable
aqueous organic-manganese dioxide batteries.'**” As illustrated
in Fig. 3e and S9, our new battery design exhibited a discharge

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematics of the rechargeable agueous MOF-manganese dioxide battery during (a) charging and (b) discharging. (c) Charging (black)/
discharging (red) profiles of the battery at 5C. (Inset) Cycle test of the battery at 20C. (d) Rate capability of the battery at 5, 10, 20, 30, and 45C.
Comparison of (e) discharge capacity retention and coulombic efficiency and (f) discharge capacity/theoretical capacity for our battery
compared with other recently developed batteries from the literature. The corresponding details are summarized in Table S2.

capacity close to theoretical capacity (>99% of the theoretical
capacity) and high coulombic efficiency (99%) while maintain-
ing high cyclability (99% of the initial capacity after 50 cycles).
In addition, as shown in Fig. 3f, based on the high porosity and
crystallinity for efficient counterion diffusion, the battery
exhibited superior rate capabilities compared to the previously
reported rechargeable aqueous organic-manganese dioxide
batteries. Such rechargeable aqueous manganese dioxide
batteries with high-rate capabilities are particularly advanta-
geous for practical applications such as grid-scale stationary
energy storage systems for load-levelling and buffering in
renewable energy systems, where rapid charging/discharging
responses are essential for stabilizing power fluctuations.””*
From the above, the rechargeable aqueous MOF-manganese
dioxide battery in the current work achieved charge storage
with almost the theoretical capacity and high coulombic effi-
ciency for the first time, while maintaining high cyclability. In
addition, toward the development of batteries exhibiting high
power density, we demonstrated the advantages of MOFs with
high porosity and crystallinity for efficient counterion diffusion.
In our continuous work, we will address the cell design and
cathode/anode balance optimization for practical battery
configurations.

This journal is © The Royal Society of Chemistry 2025

Conclusions

In the current work, we fabricated a novel rechargeable aqueous
MOF-manganese dioxide battery with redox-active MOF as an
anode-active material, which characterized pores for efficient
counterion diffusion and a small particle size to promote electron
conduction throughout the material, MnO, as a cathode-active
material, and a 1 M MnSO, + 0.05 M H,SO, aqueous solution as
an electrolyte. The battery demonstrated superior performance
compared to previously reported rechargeable aqueous organic-
manganese dioxide batteries; a discharge capacity close to theo-
retical capacity (>99% of theoretical capacity), high coulombic
efficiency (99%), and high cyclability (99% after 50 cycles). The
rechargeable aqueous MOF-manganese battery in the current work
achieved charge storage with almost the theoretical capacity and
high coulombic efficiency for the first time, while maintaining
high cyclability. In other words, the current work demonstrated the
advantages of MOFs with high porosity and crystallinity for effi-
cient counterion diffusion, toward the development of aqueous
devices exhibiting high power density and cyclability. In our
continuous work, we aim to improve the theoretical capacity and
enhance the energy and power densities for practical high-rate
batteries. We will develop redox-active MOFs incorporating
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redox-active metals in their metal clusters while maintaining high
stability in acidic aqueous solutions, guided by the hard and soft
acids and bases (HSAB) principle, which strongly influences the
acid stability of coordination bonds in MOFs.” In addition, to
reduce or eliminate the use of conductive additives, we aim to
further improve the intrinsic electronic conductivity of redox-active
MOFs by developing acid-resistant electrically conductive MOFs.”
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