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High-Rate Aqueous Aluminum-lon Batteries Enabled
by Confined lodine Conversion Chemistry

Shuo Yang, Chuan Li, Haiming Lv, Xun Guo, Yanbo Wang, Cuiping Han, Chunyi Zhi,*

and Hongfei Li*

Most reported cathode materials for rechargeable aqueous Al metal batteries are
based on an intercalative-type chemistry mechanism. Herein, iodine embedded
in MOF-derived N-doped microporous carbon polyhedrons (I,@ZIF-8-C) is
proposed to be a conversion-type cathode material for aqueous aluminum-ion
batteries based on “water-in-salt” electrolytes. Compared with the conventional
Al-l, battery using ionic liquid electrolyte, the proposed aqueous Al-I, bat-

tery delivers much enhanced electrochemical performance in terms of specific
capacity and voltage plateaus. Benefitting from the confined liquid-solid conver-
sion of iodine in hierarchical N-doped microporous carbon polyhedrons and
enhanced reaction kinetics of aqueous electrolytes, the I, @ZIF-8-C electrode
delivers high reversibility, superior specific capacity (=219.8 mAh g'at2 A g™),
and high rate performance (=102.6 mAh g™ at 8 A g”'). The reversible reaction
between I, and I, with I;~ and |5~ as intermediates, is confirmed via ex situ
Raman spectra and X-ray photoelectron spectroscopy. Furthermore, solid-state
hydrogel electrolyte is employed to fabricate a flexible Al-1, battery, which shows
performance comparable to batteries using liquid electrolyte and can be inte-

knowledge, most reported cathodes for
aqueous AIBs are enabled by the revers-
ible insertion of AI** into cathode mate-
rials.l’) The strong coulombic interactions
attributed to the high charge density of
AI** may lead to the structural collapse of
the host material and diffusion limitation.
Therefore, most intercalative-type cath-
odes exhibit poor electrochemical kinetics
and unsatisfying long-term stability.!*
lIodine cathode with conversion—reac-
tion mechanism possesses high theoret-
ical capacity (1040 mA h cm™) and high
abundance in the ocean (50-60 pg L7,
making it an attractive alternative inter-
calative-type cathode.’! The main prob-
lems that hinder iodine application are
the inferior electronic conductivity, poor
thermal stability, and high dissolution of

grated to power wearable devices as a reliable energy supply.

1. Introduction

Ionic liquid AICl;/[EMIM]CI (1-ethyl-3-methylimidazoliumchlo-
ride) is the most widely used electrolyte for aluminum-ion bat-
teries (AIBs) due to its wide range of electrochemical window
and the reversible electroplating/stripping of Al. However, the
environmental concerns, strict operating conditions, and cor-
rosive properties of ionic liquids hinder their practical applica-
tion.ll Recently, unlocking chemistry in rechargeable aqueous
Al metal batteries provides impressive prospects regarding the
cost, safety considerations, and ease of operation.”l One of the
biggest obstacles that block the development of aqueous AIBs
lies in the lack of proper cathode materials. To the best of my
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iodine species.l®! Confining iodine into
a porous conductive structure that may
provide physical adsorption and chemical
bonding can overcome the drawbacks.!
Metal-organic frameworks (MOF) with high carbon and
nitrogen contents were used as precursors to obtain nitrogen-
doped porous carbon materials.®l The large surface area, uni-
formly distributed hierarchical porous, and high active site
of MOF-derived carbon turn it into an ideal host for iodine
species. Furthermore, carbon polyhedrons with high heter-
oatom concentration may provide a strong chemical adsorption
ability of iodine, which could further improve the stability of
iodine-based cathode.”)

Herein, for the first time, we investigated the reversible
Al-1, conversion chemistry in the aqueous “water-in-salt” elec-
trolyte (WISE) by embedding =30 wt% iodine in MOF-derived
N-doped microporous carbon polyhedrons (I,@ZIF-8-C). Com-
pared with Al//I,@ZIF-8-C batteries using ionic liquid elec-
trolyte, the aqueous batteries show higher specific capacity
and discharge voltage. Besides, the carbon host with a unique
hierarchical meso—-micro porous structure, large surface area,
and heteroatom doping not only can prohibit the dissolution of
iodine species (I, I3, Is") by physical adsorption and chemical
bonding but also can boost the reaction kinetics via 3D con-
ducting skeletons. Attributed to the unique structure of the [, @
ZIF-8-C cathode, the aqueous Al-I, battery delivers a desirable
discharge capacity of =219.8 mAh g™ at 2 A g”1. What's more, the
specific capacity remains to be =102.6 mAh g~! even at 8 A g7},
suggesting an excellent rate capacity. Besides, the reversible

(10f9) © 2021 Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of the synthesis process of I,@ZIF-8-C. b) XRD patterns of ZIF-8, ZIF-8-C, and I,@ZIF-8-C. c,d) SEM images at
different magnifications of ZIF-8-C. e) TEM image, f,g) SEM images at different magnification, and h) EDS mapping of I,@ZIF-8-C.

reaction between I, and I during the charge—discharge pro-
cess was investigated by exploiting ex situ Raman spectra and
X-ray photoelectron spectroscopy (XPS), which is assumed to
be divided into three steps, with Is~ and I3~ as intermediate. A
flexible aqueous solid-state Al-I, battery was subsequently fab-
ricated by developing a polyacrylic acid (PAA) electrolyte, dem-
onstrating its great potential in flexible and wearable applica-
tions. This study helps to inspire the exploration of conversion-
type cathode materials for aqueous AlBs.

2. Results and Discussion

Figure 1a. illustrates the synthesis process of I, @ZIF-8-C. First,
the N-doped porous carbon polyhedron was prepared by directly
carbonizing the zeolitic imidazolate framework (ZIF-8) under
Ar flow at 900 °C. After that, iodine was loaded into the porous
structure via a facile “melt-diffusion” process.! According to
the X-ray diffraction (XRD) patterns (Figure 1b), the diffrac-
tion peaks corresponding to the ZIF-8 crystal disappear after
heat treatment, while two broad peaks at =25° and 45° can be
observed. The evolution of diffraction peaks is attributed to the
decomposition of organic ligands and the formation of amor-
phous porous carbon.! After iodine (=30 wt%) is loaded into
the conductive carbon host, no diffraction peak of iodine is
observed in the XRD pattern, implying the good confinement of
iodine within the meso-micro porous structure.’” Figure 1c,d
shows the SEM images of MOF derived carbon polyhedron
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(ZIF-8-C). The as-prepared ZIF-8-C nanoparticles with rhombic
dodecahedra shape are similar to the pristine ZIF-8 crystal
(Figure Slab, Supporting Information), indicating no signifi-
cant morphology change during the carbonized process. After
loading iodine into the porous structure, no instinct particles
are observed outside ZIF-8-C (Figure 1f,g). This result further
demonstrated the good confinement of iodine throughout the
conductive carbon matrix rather than the outmost surface only.
TEM observation was operated to further study the detailed
structure of ZIF-8-C. As shown in Figures S1 and S2, Sup-
porting Information, in contrast with ZIF-8 showing deeper
contrast, the TEM images of ZIF-8-C exhibit lighter contrast
and numerous nanovoids distributed over the polyhedral, which
may be attributed to the decomposition of light elements (C, N,
and O). According to the energy dispersive spectrometer (EDS)
mapping of ZIF-8-C (Figure S2d, Supporting Information), the
C, N, O, and Zn elements distribute uniformly in the carbon
matrix, indicating the transformation of ZIF-8 into nitrogen-
rich carbon. The Zn content in ZIF-8-C is much lower than that
in ZIF-8 (Figure S3a,b, Supporting Information) owing to the
vapor of Zn at high temperatures. After iodine is loaded into
the porous conductive matrix, the I,@ZIF-8-C nanoparticles
retain their original polyhedral morphology (Figure le). At the
same time, the I element is also observed in the EDS mapping
(Figure 1h), suggesting the successful loading of iodine. It is
noted that the TEM observation was operated in high-vacuum
conditions after sonicating the I, @ ZIF-8-C sample in water. As
a result, the iodine content is relatively low (=9.61 wt%), which

© 2021 Wiley-VCH GmbH
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Figure 2. a) Nitrogen sorption isotherms and b) overall XPS spectra of ZIF-8-C and I,@ZIF-8-C. XPS survey of ¢) C 1s and d) N Ts spectrum of I,@
ZIF-8-C. ) TG curves of ZIF-8-C and |,@ZIF-8-C. f) Dissolved efficiency of different samples in water. The inset pictures are optical images of different

dissolved samples.

means 679% of iodine was lost under such harsh conditions.
(Figure S3c, Supporting Information).

The porous structure of ZIF-8-C and I,@ZIF-8-C was fur-
ther characterized by N, adsorption—desorption measurements.
As shown in Figure 2a, the ZIF-8-C sample exhibits a sharp
adsorption slope of isotherm at the low relative pressure (P/
P, < 0.1), suggesting the intrinsic micropore characteristic.!'!
The corresponding pore size distribution analysis further
confirms the presence of micropores with a size centered at
~1.7 nm (Figure S4, Supporting Information), which favors
iodine adsorption. After loading iodine into the ZIF-8-C, the
decreased peak intensities of the size distribution (Figure S4,
Supporting Information) and specific surface area (from
=975 to 89 m? g™}) prove the successful confinement of iodine.

XPS measure was carried out to investigate the surface
chemical states. It can be seen in the overall spectra of ZIF-
8-C (Figure 2b) that there exist four elements C, N, O, and Zn.
Additional peaks at around 618 and 630 eV corresponding to the
I element are observed for the I,@ZIF-8-C sample, suggesting
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the successful introduction of iodine.!® The High-resolution C
1s XPS spectrum of I, @ZIF-8-C (Figure 2c) can be convoluted
into five peaks. The two strong peaks centered at 284.6 eV and
285.6 eV are ascribed to the sp*hybridized graphite-like carbon
(C—C sp?) and sp*hybridized diamond-like carbon (C-C sp?),
respectively.) The three peaks centered at 286.6, 2876, and
289.3 eV are assigned to C—O/C—N, C=0/C=N, and O=C-O,
respectively, attributed to the surface oxygen and nitrogen
groups.® Due to the spin-orbit coupling, the high-resolution
N 1s XPS spectrum of I,@ZIF-8-C (Figure 2d) can be deconvo-
luted to four sub-peaks centered at 398.5 eV, 399.7 eV, 401.0 eV,
and 402.3 eV, corresponding to pyridinic-N, pyrrolic-N, quater-
nary-N, and oxidized pyridinic-N, respectively.'®! It is noted that
the formation of pyridinic-N is related to the higher nitrogen
content, as proved by the EDS results (Figure S3c, Supporting
Information). The total N content was =9.87 at%, higher than
many reported N-doped carbons.”) The nitrogen atom in con-
ductive carbon has proved strong interaction to iodine with
chemical adsorption, which favors iodine cathode stability.

© 2021 Wiley-VCH GmbH
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Figure S5, Supporting Information, shows the high-resolution
Zn 2p XPS spectrum of [, @ZIF-8-C. The fitting peaks centered
at 1022.3 and 1045.5 eV are assigned to the formation of ZnO,
while the peaks located at 1021.5 and 1044.8 eV are attributed to
the Zn 2p;;, and Zn 2p;,, respectively.'”) Halide ions like I are
typical soft Lewis bases, while there are soft Lewis acid groups
on the surface of ZnO.!®! Based on the theory of hard and soft
acids and bases, the presence of electron-accepting centers
on the ZnO surface is capable of adsorbing iodine species
by forming a coordinated bond.® As a result, the strong
interaction between ZnO and iodine is conducive to restrain
the dissolution of polyiodide, which is helpful for the cycling
performance of Al-I, batteries.

The poor thermal stability of iodine and the high dissolu-
tion of polyiodides are two significant problems that hinder the
development of iodine-based cathodes. Therefore, we compared
the thermal stability of pure I, and [,@ZIF-8-C composite
using thermogravimetric (TG) measurements. As shown in
Figure 2e, owing to the low sublimation temperature of pure I,
a fast weight decrease is observed, and all the iodine is evapo-
rated below 135 °C. On the other hand, the I,@ZIF-8-C com-
posite shows much better thermal stability with no noticeable
weight loss before 175 °C. Besides, the I, @ZIF-8-C composite
exhibits a total weight loss of =29.7 wt%, closely matching its
theoretical value of 30 wt%. Besides the thermal stability, the
dissolution capability of iodine species was also investigated
by dissolving different iodine-based samples into 10 mL H,0
and storing them for one day. As shown in Figure 2f, the
aqueous solution turns brown immediately after adding pure
I, or the mixture of Lil and I, into water, while the solution for
L@ZIF-8-C and Lil+I,@ZIF-8-C remains clear for more than
one day. Next, the dissolved efficiency is calculated based on
the iodine concentration in different solutions. For pure I, and
Lil + I, samples, there is =19.3 wt% and =100 wt% iodine dis-
solved in the solution, respectively. After anchoring the I, and
Lil + I, into the porous carbon matrix, the dissolved efficiency
decreases to =3.4 wt% and =21.1 wt%, respectively, demon-
strating the depressed iodine dissolution capability.

The aqueous Al-I, full cell was assembled by using a I, @ ZIF-
8-C cathode, an Al metal anode, and WISE that composed of a
mixture of 1 m AICl; and 9 m lithium bis-trifluoromethanesul-
fonimide (LiTFSI) as electrolyte (Figure 3a). In this work, AlCl;
was chosen to provide Al** while LiTFSI was added to widen
the electrochemical windows of the electrolyte. However, if the
concentration of LiTFSI is greater than 9 M, the electrolyte salt
cannot be completely dissolved at room temperature (Figure S6,
Supporting Information). The concentration of LiTFSI can be
further increased by decreasing the content of AlCl; in the elec-
trolyte. Nevertheless, the batteries based on the as-prepared elec-
trolyte (0.5 m AICl; + 9 M LiTFSI) show rather poor kinetics with
inconspicuous redox peaks (Figure S7, Supporting Information).

Figure 3b compares the galvanostatic charge-discharge
(GCD) curves of Al//I, batteries using AlCl;/[EMIM]CI electro-
lyte and WISE. The ionic liquid battery exhibits an initial dis-
charge capacity of =97.8 mAh g at a current density of 2 A g7},
much lower than the aqueous battery (219.8 mAh g™). The
higher specific capacity of the aqueous battery is related to the
high ionic conductivities of aqueous electrolytes, thus boosting
the fast reaction kinetics.[%
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In addition to the better capacity performance, the aqueous
Al-T, battery also displays higher discharge plateaus. The Al-ion
storage mechanism in the ionic liquid electrolyte can be sum-
marized as:[21?

Anode : 2Al+ 14 AlCI;, <> 8ALCl; +6e” (1)
Cathode : 8 AL,Cl; + 31, +6e~ <> 2AlL, + 14 AlCI; )
Overall : Al + 31, < 2All, (3)

In nonaqueous electrolytes, I3 is usually observed as an
intermediate of the conversion reaction. However, the high
current density may lead to high internal resistance and polari-
zation of the electrode in the sluggish-kinetics ionic liquid elec-
trolyte. As a result, I, may be transformed to I~ directly, and
the intermediate reaction cannot proceed, which further causes
the low specific capacity and single plateau in ionic liquid elec-
trolyte.?!]' As shown in Figure 3b, only one single discharge
plateau is observed at =0.8 V for the ionic liquid electrolyte.
In contrast, the aqueous battery shows three discharge pla-
teaus at =1.6, 1.3, and 0.8 V. In Al-I, batteries based on AlCl;/
[EMIM]CI electrolyte, AlCl,~ and Al,Cl;” anions instead of bare
A" act as charge carriers, which may require extra energy to
break the strong Al-Cl bond and result in sluggish kinetics.??
Besides, the Al,Cl;~ anion moves far away from the Al anode
during the electrodeposition process, leading to severe battery
polarization.[®l These two processes can decrease the overall
potential of the batteries and adversely affect the energy den-
sity. In aqueous electrolytes, Al** coordinates with OH groups
and H,0 molecules to form [Al(OH,)¢]*" hydration shell, while
CI- tends to associate with Al** via partially sharing hydration
shell.l? The unique solvation structure can help alleviate the
impact of ion liquid electrolytes and effectively reduce polariza-
tion behavior. Undoubtedly, the excellent capacity performance
and the higher discharge potential make contributions to the
total energy density.

Figure 3c exhibits the typical CV curves of aqueous Al//I,@
ZIF-8-C battery at various scan rates ranging from 5 to 20 mV s .
It delivers three reduction peaks centered around 1.7 V, 1.35 V,
and 0.8 V during the cathodic scan (assigned to peak 1, peak
2, and peak 3, respectively), corresponding well with the
GCD result. The redox current increases accordingly with the
increased scan rate, while the shapes of CV curves remain
unchanged greatly, indicating the fast-redox reactions between
AI¥* and 1,. The electrochemical kinetics processes of Al//1,@
ZIF-8-C battery is further studied by calculating the b values
according to the following equation:

i=av® (4)

where a and b represent adjustable constant parameters, i and
v represent peak current and scan rate, respectively. According
to the previous reports,*! the b value of 1.0 indicates a capac-
itive-limited process, whereas the b value of 0.5 represents
a diffusion-controlled process. As shown in Figure S9, Sup-
porting Information, the b values of peak 1, peak 2, and peak 3
are calculated to be 0.91, 0.50, and 0.73 (by plotting log (i) versus
log(v)), respectively, indicating that the electrochemical process

© 2021 Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of aqueous AIBs. b) GCD curves of Al//I,@ZIF-8-C batteries using AlCl;/[EMIM]CI electrolyte and WISE. c) CV
curves of aqueous Al//l,@ZIF-8-C battery at various scan rates ranging from 5 to 20 mV s7. d) Rate performance of aqueous Al//l,@ZIF-8-C battery.
e) Specific capacity versus current density plot of our I, @ZIF-8-C electrode and reported cathode for AIBs. f) EIS curves and g) cycling performances

of pure I, and 1,@ZIF-8-C electrode at a current density of 2A g~'.

of I,@ZIF-8-C cathode was influenced both by the diffusion-
controlled process and surface-controlled capacitive process.
The rate performance of the aqueous Al//I,@ZIF-8-C bat-
tery was also investigated (Figure 3d; Figure S10, Supporting
Information). The Columbic efficiency is slightly lower at the
first charge—discharge cycles owing to the side reactions like
hydrogen evolution reaction and oxygen evolution reaction
happening in aqueous electrolytes. In the first cycle, a thin pas-
sivation Al,O3 layer on surface Al anode will be formed, leading
to higher resistance and more severe side effect.?’l What's
more, the current density increased with the increasing cycling
number. Due to kinetic effects, the side reaction in the elec-
trolyte can be restrained while cycling at higher current den-
sities. The discharge capacities for aqueous Al//I,@ZIF-8-C
battery are 219.8, 196.2, 164.4, 129.5, and 102.6 mAh g
at 2, 3, 4, 6, and 8 A g7, respectively. It is noted that such
values surpassed many previously reported cathodes for AIBs,
including Na3V,(PO,) 3,2 1,128 graphite foam,??%! V,05/C,3%
SnS porous film,B! and more, or aqueous cathodes including

Small Methods 2021, 2100611 2100611

graphite,?. KNHCF,*¥) K, MnO,,t4 V,05,% 0-MnO,,*! and
Bir-MnO,B% (Figure 3e; Table S1, Supporting Information).
The superior rate capability is ascribed to the high ionic con-
ductivity of the aqueous electrolyte and the unique hierarchical
meso—micro porous structure of the carbon host that enlarges
the active surface areas and enables fast ion diffusion. To fur-
ther elucidate the improved reaction kinetics of the I, @ ZIF-8-C
electrode compared with the pure I, electrode, electrochem-
ical impedance spectroscopy (EIS) was operated. As shown in
Figure 3f, both the plots present a quasi-semicircle in the high-
frequency area representing the charge transfer resistance, and
a slope in the low-frequency region indicating the ion diffusion
resistance in the electrode. Compared with the pure I, elec-
trode, the I,@ZIF-8-C electrode exhibits much smaller charge
transfer resistance and ion diffusion resistance, manifesting
the enhanced electronic and ionic conductivity by the conduc-
tive porous carbon matrix.

Figure 3g compares the cycling performances of pure I, and
I,@ZIF-8-C electrodes at a current density of 2 A g”.. The pure

(5 0f 9) © 2021 Wiley-VCH GmbH
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Figure 4. a) GCD curves of aqueous Al//1,@ZIF-8-C for the second cycle at a current density of 1 A g™'. The Raman analysis was performed at different
points a—k. b) Raman spectra of |,@ZIF-8-C electrode at different charge-discharge depths. c) | 3d XPS of I,@ZIF-8-C electrode at different charge—
discharge states. d) The schematic description of the three-step electrochemical process of the |,@ZIF-8-C electrode.

I, electrode exhibits a rather low specific capacity of =40 mA g,
far below its theoretical specific capacity of =211 mAh g On
the other hand, the initial discharge capacity of the I, @ZIF-8-C
electrode is =259 mAh g7, slightly higher than the theoretical
capacity of the iodine electrode, which may be attributed to the
capacitance behavior of ZIF-8-C, as shown in Figure S11, Sup-
porting Information. Although the I,@ZIF-8-C electrode shows
a fast capacity decay at the first 20 cycles (=21.1%), a stable
capacity of =162.0 mAh g™ is retained after 150 cycles, with
a capacity fading of =0.25% per cycle. At the first several cycles,
the capacity decay may be attributed to the small fraction of iodine
species (I, I3, etc.) dissolved in aqueous solution (Figure 2f). In
the following cycles, the solid-liquid equilibrium between the
adsorption iodine and dissolved iodine can be achieved, thus
leading to the stabilized capacity.”l It is noted that the cycling
performance exceeds most of the aqueous AIBs with Al anode
reported so far (Figure S8, Supporting Information),??3638 dem-
onstrating a great potential of high-capacity aqueous AIBs.

The enhanced cycling stability of the I,@ZIF-8-C electrode
compared with that of the pure [, electrode was ascribed to the
enhanced conductivity, better thermal stability, and restrained
solubility of iodine species triggered by the N-doped porous
carbon polyhedrons. As shown in Figure S12, Supporting Infor-
mation, carbon nanotubes (CNTs) instead of ZIF-8-C were also
used as iodine’s host material. Despite the higher electronic
conductivity, the initial discharge capacity of the I, @CNTs elec-
trode is only =70 mAh g!. What's more, the capacity decays
rapidly with increased cycling numbers, demonstrating the
necessity of heteroatom doping and porous structure.
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To further investigate the conversion chemistry of aqueous
Al-1, batteries in WISE, the ex situ Raman was conducted at
different charge—discharge depths for the second cycle (marked
points in Figure 4a). Before discharging, no distinct peak is
observed in the Raman spectra (Figure 4b), indicating the
absence of polyiodide at the initial state. After discharging the
battery at around 1.6 V, a clear peak between 170 and 160 cm™
assigned to the symmetric stretching mode of 15~ emerges,*’]
indicating the transition from I, to I5~. After that, the peak
ascribed to the symmetric stretching mode of I3~ (between 120
and 110 cm™) coexists with I5 peak in the Raman spectra.l’l As
the discharging proceeds, the I5 peak disappears and the inten-
sity of I3~ peak increases, implying that I5 is reduced to I3~
Finally, the I;~ peak disappears at the end of discharge (from
e to f), indicating the formation of I during the following dis-
charging process. During the charging process, similar evolu-
tions of Raman peaks are observed. It can be concluded that
I is reversibly oxidized to I, after charging to 1.9 V. XPS was
also operated to further characterize the redox state of the I ele-
ment at fully discharged and fully charged states (Figure 4c).
After discharging to 0.5 V, the I 3d peaks shift negatively as
elemental iodine is reduced to the lower oxidation state, and
All; is formed.! Additionally, after charging to 1.9 V, the I
3ds); and T 3ds), peak shift back to 630.6 and 619.1 eV, respec-
tively, further demonstrating the reversible conversion reaction.
The reversible solid-liquid transition during charge—discharge
processes demonstrates the excellent reversibility of the [, @
ZIF-8-C electrode, which makes it a promising candidate for
rechargeable AIBs.

© 2021 Wiley-VCH GmbH
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Figure 5. a) The schematic illustration of the flexible Al//l,@ZIF-8-C battery. b) CV curves of the Al//I,@ZIF-8-C battery with aqueous electrolyte and
gel electrolyte. c) Rate performance, and d) cycling performance of the flexible Al//I,@ZIF-8-C battery. e) Optical images of flexible Al//l,@ZIF-8-C
battery and AIB-powered smart insole. f) Exercise monitoring (left) by a smart insole powered by our flexible battery, pressure distribution (middle),

and running path (right) obtained from the smart insole.

Figure 4d schematically illustrated the three-step electro-
chemical process of the I,@ZIF-8-C electrode, which can be
described as I, <> Is«> I37¢> I". The carbon host with a unique
hierarchical meso—micro porous structure can serve as abundant
strong adsorption sites for soluble polyiodide species, while the
3D conductive carbon matrix with numerous interconnected
nanopores can guarantee the fast ion and electrons transporting.

In order to develop flexible batteries for wearable devices,
a WISE-based gel polymer electrolyte was fabricated by using
the crosslinked PAA as a polymer matrix (details in Experi-
mental section). As shown in Figure 5a, the solid-state battery
was assembled with Al foil as the anode, I,@ZIF-8-C as the
cathode, and WISE gel as the electrolyte, respectively. The CV
curves of the solid-state Al//I,@ZIF-8-C battery are similar to
that of the liquid-state ones (Figure 5b), which means the same
redox chemistry happens by using gel electrolyte. Besides, the
discharge capacities of solid-state batteries at various current
densities (Figure 5c; Figure S13, Supporting Information) are
much closed to that of the liquid-state battery. Specifically, the
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discharge capacity at current densities of 2, 3, 4, 6, 8 A g! are
205.8, 175.6, 150.8, 124.1, and 99.1 mAh g!, respectively. The
slightly lower specific capacity may be attributed to higher
charge transfer and ion diffusion resistances triggered by the
interaction between hydrogel and solute.?>**] Furthermore,
the flexible battery shows reasonable stability with a remaining
capacity of =145.6 mAh g after 100 cycles and a capacity decay
of =0.46% per cycle (Figure 5d).

A potential application of solid-state batteries is to act as a
flexible power system for wearable devices. Hence, three flex-
ible batteries were connected in series to power a smart insole.
As shown in Figure 5Se, the solid-state batteries were sealed
with ethylene acrylic acid film and polyethylene terephthalate
hot gold foil to improve mechanical and waterproof proper-
ties. After connecting with the batteries, the real-time plantar
information such as exercise monitoring, press distribution,
and running path are recorded by the smart sole and sent to
the mobile via Bluetooth (Figure 5f), demonstrating the flexible
and wearable applications of Al//I,@ZIF-8-C batteries.

© 2021 Wiley-VCH GmbH
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3. Conclusion

In summary, iodine embedded in MOF-derived N-doped
microporous carbon polyhedron was proposed to be the con-
version-type cathode material for AIBs. The aqueous Al//I2@
ZIF-8-C battery delivered a higher specific capacity and dis-
charge voltage by adopting the WISE with wide electrochemical
windows than the ionic liquid counterpart. Besides, owing to
the higher thermal stability and confined solid-liquid iodine
conversion reactions triggered by the unique structure of ZIF-8
derived N-dope porous carbon, the aqueous Al//I,@ZIF-8-C
battery exhibited good cycling stability, superior specific capacity,
and high rate performance (102.6 mAh g™ at 8 A g}). Ex situ
characterizations and investigations revealed that the conver-
sion chemistry of I, cathode could be divided into three steps,
with Is~ and I~ as intermediate: I, <> I[s¢> I37¢> I". Finally,
the flexible aqueous AIBs were also prepared by adopting gel
electrolyte, demonstrating high compatibility with AIBs at liquid
state. Such aqueous AIBs with an aluminum anode and con-
version-type cathodes may open avenues for further developing
next-generation aqueous AIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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