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A new strategy to exploit maximum rate
performance for aqueous batteries through
a judicious selection of MOF-type electrodesy
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A metal-organic framework (MOF) having a redox active 1,4,5,8-naphthalenetetracarboxdiimide (NDI)
derivative in its organic linker shows excellent rate performance as an electrode material for aqueous
batteries thanks to its large pores. Among aqueous electrolytes examined, K*-based ones exhibit the
highest rate performance, which is caused by the highest mobility of the smallest hydrated K* ion not
only in the aqueous electrolyte but also in the electrode. Since the use of a counter electrode with
insufficiently small pores for the full-cell configuration offsets this merit, our study may lead to
a conclusion that the maximum rate performance for aqueous batteries will be accomplished only
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Introduction

With the increasing demand for large-scale energy storage to
meet the huge energy consumption, aqueous batteries have
gained much attention as post lithium-ion batteries due to their
attractive features such as safety, low cost, and high power."
Recently, alkaline metal (Li, Na, K) ion batteries with non-
conventional aqueous electrolytes showing electrochemical
window beyond the theoretical value (1.23 V) have provided
renewed opportunities for various active electrode materials.* In
contrast with inorganic electrode active materials, the redox
active organic counterparts®*® have a higher degree of flexibility
in materials design and their molecular modification may not
only finely tune their redox potential but also add properties
that affect intermolecular forces to change their solubility,
surface area (porosity), and so on. 1,4,5,8-naphthalenete-
tracarboxdiimide derivatives (NDIs), which are readily prepared
by dehydrative condensation of naphthalene-1,4,5,8-
tetracarboxylic dianhydride (NDA) with a variety of primary
amines, have been one of the most promising organic anode
materials for aqueous batteries.”™* As illustrated in Scheme 1,
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ions can travel equally fast as those in the electrolyte.

the pair of two carbonyl groups either at 1 and 5 or at 4 and 8
positions undergo a reversible two electron redox reaction with
concomitant change of resonance form in the naphthalene
The parent 1,4,5,8-naphthalenetetracarboxdiimide
(H,NDI) was an exceptionally poor anode material, possibly
because its NH groups are susceptible to irreversible reduction
to generate a dianion, which is not hydrophobic enough to
persist in the electrode but dissolves into aqueous electrolyte
prior to the reversible redox reaction.™ In contrast, a polymeric
NDI derived from hydrazine was successfully employed as
a durable anode for aqueous batteries."”'® Unfortunately,
however, its rate performance was only modest considering
high ionic conductivity of aqueous electrolyte, which suggested
that non-uniform surface of polymeric material could hinder
smooth insertion of guest cation from aqueous electrolyte.'” In
order to overcome above-mentioned shortcoming and to exploit
reliable redox behaviors of NDIs, we focused on NDI-based
metal-organic frameworks (MOFs)™ as active materials which
enable the smooth insertion of guest cation. To the best of our
knowledge, there have been no reports for rocking chair-type

core.

Scheme 1 Two electron reduction/oxidation reaction of NDlIs.
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monovalent cation-conducting aqueous batteries using such
MOFs, though Prussian-blue analogues (PBAs) may have been
applied as conventional MOF-type electrodes.'® These situations
may be caused mainly by the three reasons; (i) the MOF-type
electrodes should have adequate water resistance, (ii) their
redox potentials should locate within the stability window of
aqueous electrolyte, (iii) they should not have unnecessarily
large molecular weights because their redox-silent parts inevi-
tably attenuate their theoretical capacity. On the other hand,
Dincd and co-workers recently developed [Zn(dmpz),NDI],-
MOF, which undergoes a two-electron reaction of NDI in
aqueous electrolyte to serve as electrochromic materials.>*** It
has NDI units functionalized with two 3,5-dimethylpyrazole
(dmpzH) ligands, which generate infinite [metal(p-
pyrazolate),],, chains with tetrahedral Zn(u) in the orthogonal
direction.”® Thus formed staggered parallelogram having
(dmpz),NDI molecule on each side provides a wide channel
whose surface should be easily accessible by aqueous electro-
lyte. Most importantly, [Zn(u-dmpz),], chains should be stable
toward a range of aqueous solutions unless they are too acidic
or basic.”?® Therefore, we envisaged that [Zn(dmpz),NDI],-
MOF should serve as a durable anode material in the aqueous
battery, and it could show greater rate and cycle performances
than conventional NDI-based anode materials.

We have been engaged in the development of aqueous
battery using PBAs as active material with non-conventional
aqueous electrolytes.””*® In these studies, we became inter-
ested in the generally accepted idea that K ion is less Lewis
acidic compared with Li" or Na* ions, and its aqueous solutions
display the lowest viscosity, and therefore K'-based aqueous
electrolytes have an advantage in terms of rate performance.>*~
Significantly, however, this hypothesis may not be applicable
unless these charge carriers may behave similarly within the
electrode to those in the electrolyte. In fact, Cui and co-workers
claimed®” that K'-based aqueous electrolytes have no kinetic
advantage in the particular case of PBA electrodes.*®** Their
result suggested that the pore size around 5 A provided by the
cyano-bridged MOF structure of PBAs (Fig. 1) may restrict the
mobility of K ions as compared to the aqueous solution state,
thereby cancelling out its kinetic merit. On the other hand, the
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pore size around 16 A provided by [Zn(dmpz),NDI],-MOF
(Fig. 1) is large enough to allow accommodation of K' ions in
the similar environment to that in the aqueous solution, and
has a greater chance of maximizing the rate performance of K*-
based aqueous electrolytes. Therefore, we began our study by
electrochemical characterization of [Zn(dmpz),NDI|,-MOF as
an anode material, initially in 17 m NaClO, aqueous electrolyte
to confirm the benefit provided by its open-framework struc-
ture. Next, aqueous electrolytes with several cations having
identical anion and constant concentration (8 m AOTf, A = Li,
Na, K, trifluoromethanesulfonate salts) were used with this
anode to assess the rate performance of these cations. As
a result, we obtained conclusive evidence that K'-based aqueous
electrolytes may offer a non-negligible kinetic advantage, if they
are combined with electrodes with large pore size and readily
accessible uniform surface. Herein we describe these results.

Results and discussion
Viability of MOF-type electrode

Our initial study focused on the electrochemical characteriza-
tion of [Zn(dmpz),NDI],-MOF as an anode material in aqueous
battery. [Zn(dmpz),NDI],-MOF was prepared according to the
reported method,*® and its disc-shaped electrode composite was
fabricated by mixing it with conductive carbon and binder to
measure its electrochemical properties in 17 mol kg™' (m)
NaClO, aqueous electrolyte.>”***¢*® Control experiments were
performed with H,NDI and H,(dmpz),NDI, which lacks infinite
[metal(p-pyrazolate),], chains but still carries dmpzH end
groups capable of intermolecular H-bonding, under otherwise
identical conditions. These results are listed in Fig. 2b-d along
with the schematic images of molecular and crystal structures
for H,NDI, H,(dmpz),NDI, and [Zn(dmpz),NDI],-MOF (Fig. 2a).
The theoretical capacity for 2e” redox reaction (Table 1) for
H,NDI, H,(dmpz),NDI, and [Zn(dmpz),NDI],-MOF calculated
by their molecular weights is 202, 118, 80 mA h g~ ', respectively,
and their initial practical reversible capacity proved to be
approximately equal as shown in the Fig. 2b. These results
indicated that the electrochemical behavior for the three
materials commonly originates from the redox reaction of their

Less mobile
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A =Na
d
- Q P
Small in A,Ni[Fe(CN Ly
mall pores in A,Ni[Fe(CN)] More mobile Large pores in [Zn(dmpz),NDI],-MOF

Fig.1 Schematic images for illustration of relative size of hydrated ions,
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triflate anions, water molecules towards pores of electrode materials.
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(a) Schematic images of crystal and molecule structures. (b) 1st and 2nd discharge/charge profiles and (c) the cyclability of half cell in 17 m

NaClO, aq electrolyte, for H,NDI (blue), Ho(dmpz),NDI (green), and [Zn(dmpz),NDI],-MOF (red), respectively. (d) Rate performance of H,NDI
(upper) and [Zn(dmpz),NDI],-MOF (lower) of half cell in 17 m NaClO,4 aqg electrolyte.

Table 1 Molecular weight and theoretical capacity of active materials

2e” theoretical

MW/g mol ! capacity/mA h g™
H,NDI 266 202
H,(dmpz),NDI 454 118
[zn(dmpz),NDI],-MOF-2DMF 666 80

NDI moiety and that the [Zn(dmpz),], chains in [Zn(dmpz),-
NDI|,-MOF may remain unchanged in 17 m NaClO, aqueous
electrolyte. Also of note is that the overpotential within the
initial discharge/charge cycles proved to be the smallest for
[Zn(dmpz),NDI],-MOF and increased in the order of
[Zn(dmpz),NDI],-MOF, H,(dmpz),NDI, and H,NDI. We believe
that these results reflect how easily the charge carrier Na* ion
(guest) can insert into and extract from the three NDIs (host). As
shown in Fig. 2a, [Zn(dmpz),NDI|,-MOF has a porous structure
to easily accommodate the guests from all directions. In
contrast, H,NDI stacks in a dense manner because of its flat
molecular structure and, therefore, the accommodation of the
guests should require some structural change in the solid state.
H,(dmpz),NDI may form a less dense solid-state structure
compared with H,NDI, since its dmpzH groups are non-
coplanar to the NDI group and its molecular structure is no
longer as flat as H,NDI. Nevertheless, H,(dmpz),NDI could not
accommodate the guests as easily as [Zn(dmpz),NDI],-MOF.
These speculations may be consistent with the cyclability shown

22072 | RSC Adv, 2023, 13, 22070-22078

in Fig. 2c. The reversible capacity for H,NDI as well as H,-
(dmpz),NDI gradually decreased from the initial values (158
and 72 mA h g7', and 78% and 61% compared with their
theoretical capacities respectively) along with repeated cycles,
while the reversible capacity for [Zn(dmpz),NDI],-MOF never
attenuated throughout examined cycles (58 mA h g~ for 1-50
cycles, 73% of capacity utilization compared with it theoretical
capacity). Therefore, the repeated insertion and extraction of
Na' ion into and out of these materials should deteriorate the
pristine solid-state structures of H,NDI and H,(dmpz),NDI
having only weak intermolecular forces but should not affect
the original porous structure of [Zn(dmpz),NDI],-MOF thanks
to its robust [Zn(dmpz),], framework. Fig. 2d illustrates the rate
performance for H,NDI and [Zn(dmpz),NDI],-MOF at different
current densities. While the reversible capacity for H,NDI
decreased with increasing current density and it became
unobservable above 25 mA cm > (12C), [Zn(dmpz),NDI],-MOF
showed almost constant reversible capacity around 60 mAh g~*
within the range of 1-100 mA cm 2 (0.46-46C). These results
clearly suggested that the porous and robust structure of elec-
trode materials should be beneficial for high-rate and long-life
battery.

Redox and Na'-ion storage mechanisms of [Zn(dmpz),NDI],-
MOF

To gain deeper insight on the electrochemical behavior of
[Zn(dmpz),NDI],-MOF in 17 m NaClO, aqueous electrolyte
along with possible structural change (Fig. 3a), the disc pellets

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were disassembled from the electrochemical cell either after the
first discharge or the first charge (Fig. 3b) to compare these used
electrodes with the unused one by FT-IR (Fig. 3c), XPS (Fig. 3d),
and XRD (Fig. 3e). In this ex situ FT-IR study, the unused sample
(i) showed two C=O0 stretching peaks at 1681 and 1720 cm *,
while the new shoulder peak at 1665 cm ' appeared in the
discharged sample (ii) and it disappeared in the charged sample
(iii). This new peak may be assignable to the elongated C-O
bonds™ in the reduced form of the NDI group depicted in
Scheme 1. Similar change during the discharge/charge
sequence was also observed in ex situ XPS (Fig. 3d). Only in
the case of the sample (ii), noticeable new signals appeared at
286 eV for C1s and 532 eV for O1s, respectively. These signals
were not observed in the samples (i) or (iii), both of which
displayed signals at 288 eV for Cls and 535 eV for Ols,
respectively. We believe that the new signals are typical for C-
O~ structure and the original signals are for C=0 structure,
though overlaps by the signal of inseparable conductive carbon
made these interpretation inconclusive.* Furthermore, ex situ
XRD showed shift in peaks towards lower angles along with
discharge from (i) to (ii), whereas that towards higher angles
with charge from (ii) to (iii). These results may represent the
reversible accommodation of Na' ion into [Zn(dmpz),NDI],-
MOF from 17 m NaClO, aqueous electrolyte with concurrent
redox reaction of the NDI moiety.
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Encouraged by the stable electrochemical performance of
[Zn(dmpz),NDI],-MOF in 17 m NaClO, aqueous electrolyte, we
next assembled a Na-ion battery comprised of [Zn(dmpz),NDI],-
MOF and Na,Ni[Fe(CN)s] PBA as electrodes and 17 m NaClO, as
aqueous electrolyte. As shown in Fig. 3g, this rocking chair-type
aqueous battery displayed cell voltage of ca. 1 V, which was in
good agreement with cyclic voltammogram of separate elec-
trodes shown in Fig. 3f; —0.5 V for [Zn(dmpz),NDI],-MOF and
+0.5 V for Na,Ni[Fe(CN)s] PBA (vs. Ag/AgCl) in 17 m NaClO,
aqueous electrolyte. Notably, this battery showed virtually no
capacity decay over 10 000 cycles (Fig. 3h).

Better compatibility of hydrated K'-ion electrolyte with
[Zn(dmpz),NDI],-MOF

To identify which alkaline ion would perfectly suit the present
battery of [Zn(dmpz),NDI],-MOF anode and Na,Ni[Fe(CN)]
PBA cathode, we next turned our attention on aqueous elec-
trolytes having alkaline triflates (SO;CF3) because they show
commonly high solubility in water irrespective of alkaline ion,
which is a marked contrast to those having alkaline ClO, (Table
2). We first studied pH (#) and ionic conductivity (@) of
aqueous AOTf solutions (A = Li, Na, K) at varying concentration
(Fig. 4a). The pH of AOTf solution ranked in the order of K" >
Na® > Li* at the same concentration, but their individual values

a b c d e
(ul ) 1%t charged _ 140 0 5
i C1s 1s .
y °
IR T | T
() ]
®
® "
Yo 100 5 (iii)
. T -1+ 8)(Na* + &) B = (i)
(u) 1 ‘dlscha;?:d g 8ol o 5 \\/ N 5
S i = iy 3 R
z\../ N P ,z\n/ 3 ® g 3 2
N Y g eor ] 1%
zn” = zq =3 £ & |(i) - £
it d o S @ z (i) =
L v \_n © ol E = \/ \'/ L A x N
i) Initial T +(1+3)(Na* + e [0
-)\/ (1o \/-) 20+ J‘\/\// 10}
0, o] "
2h 2 [0) @) '
\m N Q N m/ o+ @ \/ (i), \—/
zn/oo\m I Ll I Lol TR AN T T T T T T T T T
A N . 0.0 -1.0 1800 1700 1600 290 280 540 530 5 10 15
- Potential / V vs. Ag/AgCI Wavenumber / cm-! Binding energy / eV 20/ degree
f g h
075 25
C 50 100
0.50 [ .
(]
F E
_ r £ 40 —180 .
5 025~ N 3 g
< K 5
< F 2 o 3
2 ooof g g 30 —60 T
8 C s £ o )
g F 3 z 2
g r = 2 3
3-025F z g 201 Hao S
C o -
F Na,Ni[Fe(CN)sJ//[Zn(dmpz),NDI],-MOF 2
F ¢ L _
“0.50 4 mpz),NDI), MOF Na,Ni[Fe(CN)q] 00 17 m NaCi0, 2q. (108 mS ) 3 101 Na,Ni[Fe(CN),J/17 m NaCIO, aq./[Zn(dmpz),NDI,-MOF —| 20
L n Athcde‘/ano’deﬂ” =wiw @ 0.5~ 1.8V, 10 mA cm?, 4.6C, cathode/anode=1/1=w/w
= 17 m NaClO, aq., 0.5 mV s ca =1= Coin-type full cell
o -] ST AU A I I 05 | | | o | l | | 0
15 <10 05 00 0.5 1.0 15 0 10 20 30 40 0 2000 4000 6000 8000 10000
Potential / V vs. Ag/AgCl Capacity / mAh g-'-electrodes Cycle number
Fig. 3 (a) Possible structural change of [Zn(dmpz),NDI],,-MOF upon electrochemical reaction in 17 m NaClO4 ag. (b) Origin of the samples; (i)

unused sample, (i) used sample after discharging down to —1.0 V, and (iii) used sample after charging up to 0.0 V vs. Ag/AgClL. (c) Ex situ FT-IR. (d)
Ex situ XPS. (e) Ex situ XRD. (f) Cyclic voltammetry of [Zn(dmpz),NDI],,-MOF anode (blue) and Na,Ni[Fe(CN)g] cathode (red) in 17 m NaClO4 aq
along with the schematic image of their initial structures. (g) 1st and 2nd charge/discharge profiles for the full-cell of NayNi[Fe(CN)gl//
[Zn(dmpz),NDI],,-MOF in 17 m NaClO,4 aq electrolyte. (h) Cyclability for the full-cell.
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Table 2 Saturated concentration of alkaline salts with different anions
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higher concentrations. Since all AOTf solutions showed

in water acceptably good ionic conductivity at the concentration of 8 m
Concentration/mol (molar ratio of solute and water is ca. 1:7), we next studied the
ke ! Lit Na* g+ structure of these particular AOTf solutions by FT-IR and

roughly estimated their electrochemical stability window by
F~ 0.05 1 18  linear sweep voltammetry (LSV). Fig. 4b focuses on the broad
SO5CF5 B 21 9 19 peaks centered at 3462, 3442, and 3432 cm !, which were
gl((s)i)fCFs)z él 27 (1). , observed in the FT-IR measurement for 8 m LiOTf, NaOTf, and

linearly decreased along with the increasing concentration.
These results were not surprising because the Lewis acidity of
the solute may give a proportional effect on the Brgnsted acidity
of its aqueous solution. The ionic conductivity (@) also ranked
in the order of K > Na" > Li" at the same concentration.
However, their individual values became maximum at different
concentrations around 5-7 m and decreased either at lower or

KOTf solutions, respectively. It has been well documented that
the O-H stretching in water is blue shifted upon destruction of
its ice-like structure, which is caused by the hydration of Lewis
acidic metal ion.?>**647:50 predictably, the more Lewis acidic Li"
ion should bind a greater number of Lewis basic water mole-
cules to form a larger hydrated ion in 8 m LiOTf solution,
whereas the less Lewis acidic K* ion may form a smaller
hydrated ion in 8 m KOTf solution. The highlighted areas in
Fig. 4c denote the electrochemical stability windows, which
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Fig. 4 (a) pH and ionic conductivity of AOTf aq. (b) FT-IR spectra. (c) LSVs on Ti current collector of 8 m AOTf aq (the hatch sections show

estimated potential windows). (d) Walden plot of 1 m and 8 m AOT(f aqg. (e) Rate performance of [Zn(dmpz),NDI],,-MOF in 8 m AOTf aq (A = Li, Na,

K).
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were derived from oxidation/reduction waves obtained by LSV
measurements using titanium mesh. The window became
wider in the order of K" < Na' < Li*, which may be reasonable if
Lewis acidic metal ion decreases the number of free water
molecules, which are more readily subjected to electrolysis than
coordinated water molecules. Also noteworthy is that the three
potentials for the oxidation of 8 m AOTf solutions were almost
identical, while those for the reduction varied significantly. This
may be attributable to the different solubility of passivation
layers on the electrode, whose large part should be composed of
alkaline fluorides that are generated upon the reductive
decomposition of OTf.>*"** Specifically, sparingly soluble LiF can
form a robust passivation layer which can lower the reduction
boundary effectively, whereas readily soluble KF cannot play
a similar role.

Fig. 4d summarizes the Walden plot™ for the three AOTf
solutions at the concentration of 1 m as well as 8 m. These data
were collected by the calculation using parameters listed in
Table 3. Under both diluted and concentrated conditions, all
data were close to “good ionic” area and KOTf solutions were
slightly better ionic and less viscous than NaOTf or LiOTf.
Fig. 4e illustrates the rate performance for the half-cell of
[Zn(dmpz),NDI],-MOF electrode in 8 m AOTf aqueous electro-
lytes at different C-rates. The difference of reversible capacity
between three electrolytes became apparent when the current
density was gradually increased. The initial reversible capacity
at 10 mA cm ™ ? (4.6C) was almost halved or lost at 125 mA cm >
(58C) in the case of NaOTf or LiOT{, respectively, whereas it was

Table 3 Parameters of alkaline metal triflate aqueous electrolytes
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hardly attenuated in the case of KOTf albeit with slight loss
under the influence of its narrower stability window. When the
current density was finally lowered from 125 to 1 mA cm™ > at the
61st cycle and thereafter, all half-cells recovered the capacity
nearly equal or slightly inferior to their initial value. These
results may indicate that there was virtually no deterioration of
[Zn(dmpz),NDI],-MOF electrode after repeated cycles at a wide
range of current density. The excellent rate performance
observed with the KOTf electrolyte especially at higher current
density was largely caused by its better ionic conductivity and
lower viscosity discussed in Fig. 4a, b, and d. Furthermore, we
believe that the smaller hydrated K" ion could travel at higher
speed even within the pore of [Zn(dmpz),NDI],-MOF electrode,
in marked contrast to the larger Li* and Na' ions at lower
speeds, though the detailed study on the ion diffusivity such as
EIS and GITT in the near future may reinforce these qualitative
discussions.

Unlike the half-cell of [Zn(dmpz),NDI],-MOF electrode
(Fig. 5c), the half-cell of A,Ni[Fe(CN)s] PBA electrode in 8 m
AOTf aqueous electrolytes (A = Na, K) showed only little
difference in the rate performance even at higher current
density above 100 mA cm ™2 as shown in Fig. 5a. These results
may suggest that the pore size provided by the PBA electrode
was not large enough for hydrated Na* and K' ions. Therefore,
both could go into the pore only after dehydration and the
difference in the total travel time became negligible. Further-
more, the full-cell combining these two electrodes no longer
showed kinetic difference between Na' and K'-based aqueous

LiOTf aq NaOTf aq KOTf aq
Concentration 1m 8m 1m 8m 1m 8 m
Conductivity/mS cm ™" 42 59 52 88 68 133
Density/g em > 1.07 1.40 1.09 1.45 1.09 1.47
Viscosity/mPa s 1.14 5.91 1.07 5.33 0.98 3.77
a b c
80 - 40 80
ANi[Fe(CN);] cathode half cell A,Ni[Fe(CN)gJ/[Zn(dmpz),NDI],-MOF [Zn(dmpz),NDI],-MOF anode half cell
8 m AOTf aq. (A = Na, K) Full cell 8 m AOTf aq. (A = Na, K)
- 0.0~ 1.0 Vvs. Ag/AgCI @ 8 m AOTf aq. (A = Na, K) -1.0 ~ 0.0 V vs. Ag/AgCI
o PN o 0.0~20V
B 6078 S 30 S 601
% N 8 Oine\\ == 8 8\\0\ A=K
Q Q‘;} ° N P \\(.) o
2 Ne o b\\& 2 N
g 40 N £ 20 Ry v T 401 R
E \\\~  e g E \
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§ 201~ ° S L 2 A=Na
3 \\‘ A=K 8 10 O 20
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Fig. 5 Rate capability of (a) A;Ni[Fe(CN)gl, (c) [Zn(dmpz),NDI],-MOF, and (b) their full-cell in 8 m AOTf ag (A = Na, K), respectively. These were

rebuilt based on the raw data shown in Fig. S3.}
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electrolytes at a broad range of current density as shown in
Fig. 5b. Therefore, we may conclude that K'-based aqueous
electrolyte is fundamentally beneficial in terms of rate perfor-
mance, but we can only appreciate the merit when we employ
appropriate electrode materials that have sufficiently large
pores to accommodate its hydrated ion without difficulty. To
emphasize this conclusion, we separately illustrated the Ragone
plot for the full-cells separately in Fig S3.f However, we have to
be careful not to confuse the kinetic information with the
potential difference of cathodes.

Experimental section/methods

Preparation of electrode materials

H,(dmpz),NDI and [Zn(dmpz),NDI],-MOF were prepared
according to the reported procedure® as shown in Scheme S1.1
H,(dmpz),NDI was characterized by JEOL JNM-ECA 600 spec-
trometer ("H NMR at 600 MHz, "*C{'"H} NMR at 150 MHz) using
(CD3),S0, to check its identity and purity by comparison with
the reported spectra. [Zn(dmpz),NDI],-MOF was characterized
by powder X-ray diffraction (XRD) using Rigaku Miniflex 600 X-
ray diffractometer using Cu-Ka radiation, to confirm its crystal
structure* (Fig. S1at). To determine the remaining content of
DMF in thus obtained [Zn(dmpz),NDI],-MOF, thermogravi-
metric analysis (TGA) was performed on a Rigaku Thermo Plus
TG8110 under a nitrogen gas flow (Fig. S1b?). The local struc-
tures depicted in Fig. 1a as well as Fig. S21 were graphically
rebuilt based on the reported data. Na,Ni[Fe(CN)y] and K,Ni
[Fe(CN)g] were prepared by co-precipitation methods according
to the reported methods.”®*® The chemical compositions of
Na,Ni[Fe(CN)q] and K,Ni[Fe(CN),] were estimated by EDS (JEOL
JCM-7000) as Na, (Ni[Fe(CN)g]o.s-2.8H,O (theoretical capacity is
approximately 75 mA h g™') and K, sNi[Fe(CN)glo.o-1.8H,0
(theoretical capacity is approximately 71 mA h g~ '), respectively.

Preparation of aqueous electrolytes

Aqueous electrolytes were prepared by dissolving the appro-
priate amounts of NaClO, (98%; Kishida), LiOTf (98.0%; TCI),
NaOTf (98.0%; TCI), or KOTf (98.0%; TCI) in ultra-pure water
(Merck KGaA, Direct-Q UV 3). These electrolytes were charac-
terized by ATR-FT-IR (Thermo Fisher Scientific, Nicolet iS5),
conductivity meter (Mettler Toledo, SevenExcellence S479), pH
meter (HORIBA, LAQUAact D73-T), viscosity meter (A&D, SV-1A),
and density meter (Anton Paar, DMA 35).

Electrochemical measurements

To improve the electronic conductivity, acetylene black (AB,
DENKA) was mixed with electrode materials at a weight ratio of
25:70. The composites were mixed with polytetrafluoroethylene
binder (PTFE) (Polyflon F-104; Daikin Industries) at a weight
ratio of 95 : 5 to prepare the electrode pellets. They were shaped
into disc of 3 mm diameter, which were sandwiched between
sheets of titanium mesh (Thank-Metal) for electrochemical
measurements. Three-electrode electrochemical beaker-type
half cells with aqueous electrolytes were used in cyclic voltam-
metry (CV) and galvanostatic charge/discharge tests. Ag/AgCl
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electrode with saturated KCI (BAS Inc., RE-1CP) and activated
carbon (AC) electrode were used as the reference and counter
electrodes, respectively. For coin-type full cell, the cathode/
anode weight balance was adjusted to 1/1 to fix cathode/anode
capacity balance as approximately 1/1 (Fig. S47). Linear sweep
voltammetry (LSV) and CV were performed at a scan rate of
0.5 mV s~ ' (AMETEK, VersaSTAT 3), and galvanostatic charge/
discharge tests were carried out using a cycler (NAGANO &
Co.) at constant current density.

Ex situ IR, XPS and XRD

Ex situ IR (JASCO, FT-IR 680 plus), X-ray photoelectron spec-
troscopy (XPS) (JEOL, JPS-9010 MC/IV; Mg-Ka) and ex situ XRD
were carried out to study the electrochemical change of
[Zn(dmpz),NDI],-MOF after the first discharge and the first
charge in 17 m NaClO, aqueous electrolyte as follows; The used
cell was disassembled in an Ar-filled glove box and the retrieved
anode material was immersed in distilled water for 30 min and
then vacuum dried for 3 h to prepare samples, which were
transferred under Ar atmosphere to the IR, XPS and XRD
instruments.

Conclusion

A new strategy to exploit maximum rate performance in
aqueous battery was demonstrated by use of [Zn(dmpz),NDI],-
MOF electrode, which showed excellent electrochemical prop-
erties in aqueous electrolytes. This study showed that a rational
design of electrode material that allows hydrated ions travel
freely even in its pore may contribute significantly to the
improvement of rate performance. Such electrode materials
with sufficiently large pores allow hydrated charge carriers to
undergo co-insertion directly from the electrolyte. Along this
line, exploration of suitable cathode materials is now underway
to complete the configuration of high-rate aqueous K'-ion
battery.
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