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Abstract
Metal//iodine (I2) batteries have sparked enormous interest as particularly promising energy storage
devices. Still, the inherent dendrite growth and electrochemically inactive complexes formed with iodine
anionic species at their metal anode make it challenging to substantially improve their performance.
Herein, we report the �rst orgainc anode//I2 battery. The battery delivers ultra-long lifespan (92000 cycles

at 40 A g− 1), high rate tolerance (104 mAh g− 1 at 160 A g− 1), energy density (434 Wh kg− 1 at 50420 W
kg− 1) and power density (155072 W kg− 1 at 86 Wh kg− 1), far exceeding all the reported aqueous I2-
batteries. Moreover, the cascade form of this battery enables a voltage of 2.5 V without employing highly
concentrated salts or polymer additives. This work addresses the major challenge of I2-batteries and
enriches the family of aqueous halogen-batteries with high performance and unlimited possibilities, and
provides a new sight for the construction of high-performance battery systems based on sulfur
electrodes.

Introduction
In recent years, rechargeable metal-halogen batteries, which rely on strict redox chemistry to achieve high
energy and power density, have attracted considerable attention.1–6 Superior to liquid bromine and
gaseous chlorine, solid iodine (I2) has better operability and stability.7–10 Combining with its high

abundance (50 − 60 µg/Locean), high theoretical capacity (422 mAh g− 1), high reversibility, and high

theoretical redox potential of I0/I+ (1.07 V vs. standard hydrogen electrode), I2 has stood out as a

particularly promising cathode material for aqueous batteries.3−6, 11–15 Moreover, the solid-liquid I−/I0/I+

conversion of I2 cathode avoids the issue of electrode collapse commonly occurred in intercalation

counterparts.5, 6, 14 Major success has been achieved on the development of various aqueous metal//I2
batteries, e.g. Fe//I2,16 Al//I217 and Zn//I2.3, 5, 6, 18–24 However, the intrinsic disadvantages of these

batteries have also been recognized.3−6, 12−21, 25 The inevitable dendrite growth and corrosion of the
metal anodes cause rapid attenuation of capacity and short circuit; the leak-out iodine anionic species
lead to formation of electrochemically inactive complexes with the metal anode, which induces the
irreversibility of I2 cathode and limited lifespan, similar to the shuttle effect in lithium-sulfur batteries.3, 4,

26

To address these issues, enormous efforts have been dovoted to modifying the metal anode and
anchoring iodine species onto the cathode �rmly,5, 6, 12, 14, 16, 27, 28 leading to signi�cant improvement. The
best results obtained from the developed aqueous metal//I2 batteries are 35000 cycles at 10.55 A g− 1,

23000 cycles at 6 A g− 1, 6000 cycles at 1.92 A g− 1 for cycling,6, 18, 21 109100 W kg− 1 at 179 Wh kg− 1 and
410 Wh kg− 1 at 110 W kg− 1 for Ragone performance,20, 21 and 140 mAh g− 1 at 21 A g− 1 and 419 mAh g− 

1 at 2 A g− 1 for rate performance.3, 21 However, it remains highly challenging to substantially boost the
performance of metal//I2 batteries. A novel alternative system has been proposed recently, i.e. replacing



Page 3/22

the anode materials to be hydrogen (H2).14 The H2//I2 system delivers new promise but showing certain
limits: it requires a swagelok cell involving complicated fabrication and expensive Pt/C catalysts;
meanwhile, the cell voltage is < 1.2 V, and the capacity is ~ 0.5 mAh at 2.5 mA cm− 2. A breakthrough
strategy is, therefore, pressingly needed to signi�cantly improve the lifespan, energy density and power
density of I2-cathode batteries.

Integrating two or more batteries together is the common route to attain higher capacity and energy
density. In fact, when the batteries are integrated through external wires, their performance is often
compromised. In this regard, the cascade battery, integrating two or more battery reactions inside a single
battery, holds obvious advantages, as it avoids the non-electrochemically active connection required for
external integration and can effectively increase the energy output. Lately, Dai et al. has proposed the �rst
successful precedent of a cascade battery based on Zn//S system.29 Still, the feasbility of extending the
cascade form to other battery systems remains unexplored.

Herein, we report the �rst organic anode//I2 battery and its cascade system. Distinct from the reported
aqueous metal//I2 and H2//I2 battery systems, 3,4,9,10 − Perylenetetracarboxylic diimide (PTCDI) is
employed as the anode material. Thanks to the intrinsic inertness of the PTCDI anode to various iodine
anionic species and the fast conversion of I−/I0/I+ in the saturated potassium chloride (KCl) electrolyte,
ultra-long lifespan (92000 cycles at 40 A g− 1 ) and remarkably high rate tolerance (104 mAh g− 1 at 160 A
g− 1), high energy density (434 Wh kg− 1 at 50420 W kg− 1) and high power density (155072 W kg− 1 at 86
Wh kg− 1) have been achieved simultaneously, far exceeding those of the aqueous I2-cathode batteries

ever reported and most reported aqueous K+ ions batteries. Moreover, by evolving into the cascade form
with saturated mixture of KCl + I2(aq) as electrolyte, the voltage further reaches 2.5 V without employing
highly concentrated salts or polymer additives. By replacing metal anode with organic compound and
constructing the the cascade system, this work opens up a fertile ground for high-performance aqueous
I2-cathode batteries, and promotes the application potential of halogen batteries towards industry and
market. Besides, this work also provides a new sight for the construction of high-performance battery
systems based on sulfur electrodes.

Results And Discussion
The key to construct the novel high-performance I2-cathode battery lies in two aspects: electrolyte and
anode. Concerning the selection of aqueous electrolyte, it should guarantee the highest conversion
e�ciency of I−/I0/I+, so that give full play to the potential advantages of high theoretical capacity and
redox potential of the I2 cathode. That is to say, for the I−/I0 conversion, the cation in the electrolyte must
reduce the conversion energy barrier. As a result, the discharge voltage could be promoted due to the
reduced polarization.5 For the I0/I+ conversion, the anion in the selected electrolyte must bene�t the
dissociation of I+ compounds so as to accelerate the I0/I+ conversion.2, 3, 5 Regarding the anode, only
when it satis�es simultaneously the demands of high structural stability, immunity to various iodine
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anionic species, low redox potential, high capacity and low cost, all issues of the two reported I2-cathode
battery systems mentioned above can be ultimately avoided. Compared with inorganic materials, organic
materials featuring structural diversity, �exible molecular stucture and low cost are a promising candidate
for this novel aqueous I2-cathode battery system.30–33

Density Functional Theory (DFT) calculations were performed to predict reaction energy pro�les of I−/I0

conversion with the existence of different cations within the electrolyte, for the selection of cation
candidate. In addition, the dissociation energy of InX (X denotes anion of electrolyte, n denotes electron
number) were compared in different anions environment, to identify the best anion. As shown in Fig. 1a,
the lowest value of Gibbs free energy change (∆G) is observed when the I−/I0 conversion chemistry
occurs in K+ environment. Thus, the aqueous electrolyte containing K+ should hold great potential due to
the fastest reaction rate of the I−/I0 conversion.5, 20 For anions, the lowest dissociation energy of ICl is
evidently observed when compared to that of other iodides, indicating the fast conversion of I0/I+ in
aqueous electrolyte containing Cl− (Fig. 1b).2, 3, 5 Accordingly, the aqueous KCl electrolyte should well
guarantee high performances of I2 cathode. Moreover, linear sweep voltammetry (LSV) test shows that
the total operational voltage window is up to 2.72 V in saturated KCl electrolyte, which is large enough to
match most aqueous batteries (Fig. S1). 12, 34–36

Then, it is necessary to determine an appropriate anode that can insert/release K+ reversibly in aqueous
electrolyte. Due to the sluggish kinetics of the larger Cl− compared with K+, materials capable of
intercalation/de-intercalation of Cl− were ruled out.37 As shown in Fig. 1c, organic aromatic molecules
with diverse number of aromatic rings and carbonyl groups (DPPZ,38 β-PTCDA,38 PNTCDA,39 PT32),
inorganic and composite materials (KTi2(PO4)3,40 KPB@PPy41) were compared. Clearly, PTCDI (3,4,9,10-
Perylenetetracarboxylic diimide) displays the lowest redox potential and highest speci�c capacity, thus
holding a great promise as anode in the aqueous KCl electrolyte.34, 42 X − ray diffraction (XRD) and
Fourier transform infrared (FT-IR) spectroscopy were performed to determine the crystal structure and
functional groups of PTCDI (Fig. S2). Besides, electrochemical performances of PTCDI electrode were
investigated in saturated KCl electrolyte (Fig. S3 − 4). These results con�rmed the highly reversible
insertion/extraction of K+ owing to the large interplanar distance of PTCDI (Fig. S5).34, 43, 44

Based on materials screened above, the aqueous PTCDI//I2 full cell was assembled with PTCDI as anode,
I2 facilely sublimated on active carbon (AC) as cathode (I2@AC, Fig. S6) and saturated KCl solution as

electrolyte. Considering the theoretical capacity of I2 (422 mAh g− 1) 3, 9, 28 and PTCDI (137 mAh g− 1)43, a
mass ratio of PTCDI:I2 = 3.1 is utilized. The PTCDI//I2 full cell displays a signi�cant advantage in making
full use of anode when compared with the conventional metal//I2 battery system. During the

charge/discharge process, the oxidation/reduction reaction of I−/I0/I+ occurs at the I2@AC cathode and

the enolization/recovery of carbonyl groups occurs at the PTCDI anode with K+ intercalation/de-
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intercalation (Fig. 2a-b).2, 3, 5 Hence, the chemical equations of the PTCDI//I2 full cell in saturated KCl can
be described as below:

Cathode: 2I− ↔ I2 + 2e− I2 + 2Cl− ↔ 2ICl + 2e− (1)

Anode: 2PTCDI + 4K+ + 4e− ↔ 2PTCDI − 2K (2)

With the increase of cycle numbers, the initial redox peaks shifted toward positive direction gradually and
�nally stabilized due to the activation process (Fig. S7a).26, 45, 46 Consequently, typical CV curves of
PTCDI//I2 within the voltage range of 0 − 2.4 V are presented (Fig. 2c, Fig. S7b-d). Oxidation peaks at 1.54
V, 2.24 V and reduction peaks of 1.71 V, 0.91 V, 0.72 V are clearly observed. As for the I2@AC cathode, the

redox pair of 2.24 V/1.71 V corresponds to the reversible reaction of I0/I+ while the rest redox pairs
correspond to the reversible transformation between I− and I0. 2, 3, 5 As for the PTCDI anode, the anodic
and cathodic peaks correspond to the stepwise intercalation and de-intercalation of K+.34, 42, 44 The
typical galvanostatic charge/discharge (GCD) curve displays a major plateau at 1.90 V during the
discharge process (Fig. 2d). Impressively, the voltage plateau of the PTCDI//I2 full cell is of considerable

superiority to that of all reported aqueous rechargeable Zn//I2,3, 5, 6, 18–21, 47 Fe//I216, Al//I2,17 H2//I2,48 and

most aqueous rechargeable K+ full battery systems (ARKFBs),38–42 making it a promising prospect for
high-energy output (Fig. 2e).

As shown in Fig. 2f, the cycling performance of the PTCDI//I2 full cell was further investigated by GCD

mode at 40 A g− 1 and the speci�c capacity was calculated based on the mass of I2 in I2@AC cathode.

Notably, discharge capacity of 364 mAh g− 1 was delivered after initial activation process. Such a high
discharge capacity originates from the full use of I−/I0/I+ conversion reactions.2, 3, 5 Remarkably, 154 mAh
g− 1 of discharge capacity was obtained after 92000 cycles at 40 A g− 1 (Fig. 2f), far exceeding all reported
I2-based aqueous batteries3, 5, 6, 16–21, 47, 49–54 and most ARKFBs38, 40–42 whatever the aspect of the
comparison (Fig. 2g). Such an ultra-long lifespan with high capacity at high rate is attributed to the
nature of inertness to iodine anions and the layered structure of the PTCDI anode with large interplanar
spacing. Apart from that, the highly reversible enolization of quinone (− C = O) to quinone salts (− C−O − 
M) is propitious to maintain the structural stability of the PTCDI anode during repeated cycles and thus
favors the cycling performance of the full cell.34 To �gure out the capacity contribution of AC, GCD of the
PTCDI//AC full cell was tested and only 38 mAh g− 1 of discharge capacity was delivered, verifying the
fact that capacity contribution of AC is not signi�cant at all (Fig. S8).3

As illustrated in Fig. 2h, the rate capability of PTCDI//I2 full cell was investigated under varied current

densities from 40 A g− 1 to 160 A g− 1. In detail, discharge capacities of 323, 204, 140, 116 and 104 mAh
g− 1 were delivered at 40, 70, 100, 130 and 160 A g− 1, respectively. Remarkably, a discharge capacity of
322 mAh g− 1 was achieved when the current density was shifted from 160 A g− 1 to 40 A g− 1, which is
99.7% of the initial speci�c capacity, validating the outstanding rate capability of the full cell and in
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accord with the CV results in Fig. S7. As shown in Fig. 2i, the demonstrated rate capability of the full cell
surpasses all reported I2-based cathode batteries3, 5, 6, 16–21, 47, 49–54 and ARKFBs38, 40–42, representing the

highest level thus far. As presented in Fig. 2j, the full cell can exhibit an energy density of 434 Wh kg− 1 at
a power density of 50420 W kg− 1. Moreover, an energy density of 86 Wh kg− 1 can be maintained when
operated at the peak power density of 155072 W kg− 1. Furthermore, the energy density and power density
of the full cell far exceed those of all reported aqueous batteries with I2-based cathode6, 14, 16, 20, 21, 27, 28,

55, 56 and most ARKFBs38, 57, possessing a very promising prospect in practical application. Accordingly,
the record ultra-long lifespan, remarkable Ragone performances and high rate tolerance of the PTCDI//I2
full cell successfully demonstrate the superiority of the intrinsic inertness of the PTCDI anode to various
iodine anionic species and the fast conversion of I−/I0/I+ in the saturated KCl electrolyte, addressing the
major challenge of the reported aqueous I2-batteries. The results achieved promote the electrochemical
performance of aqueous I2-batteries to a new epoch. Moreover, considering the multi-variety and multi-
function of organic materials, the �rst introduction of PTCDI organic anode into aqueous I2-batteries not
only enriches the family of aqueous halogen-batteries with high performance, but also brings about
enormous markets for the use of halogen electrode in the near future. Furthermore, the strategy of
selecting PTCDI organic material as anode provides a new sight for the construction of high-performance
battery systems based on sulfur electrodes.

To identify the underlying redox chemistry of the two-electron transfer of the I2 cathode, ultraviolet-visible
(UV-vis) and Raman spectroscopy were performed. Figure 3a displays the typical GCD curve of the
PTCDI//I2 full cell at 40 A g− 1 marked with selected voltage points for characterizations. As illustrated in
Fig. 3b, a broad absorption peak in the range from 375 nm to 494 nm corresponding to the formation of
iodine molecules when charged to 2.0 V, con�rming the conversion from iodide to iodine. It is noted that
no characteristic peak of I3− (290 nm) was observed, indicating a direct conversion between I− and I0.2, 3, 5

A new strong peak (341 nm) corresponding to the formation of ICl interhalogens was clearly observed
when charged to 2.4 V, verifying the conversion of I0 to I+. Meanwhile, the adsorption peak of iodine
molecule (375 − 494 nm) vanished when charged to 2.4 V, consolidating the oxidation process from I0 to
I+. Correspondingly, the characteristic adsorption peaks almost recovered to the original state during the
discharge process, verifying the highly reversible conversion of I−/I0/I+.2, 3, 5 As shown in Fig. 3c, a new
Raman signal (208 cm− 1) corresponding to the characteristic band of ICl interhalogens emerged when
charged to 2.4 V, and vanished when discharged to 1.25 V, consolidating the reversible I0/I+ conversion
and in accord with UV-vis results in Fig. 3b. 2, 3, 5, 58

To better study the energy storage mechanism of the PTCDI anode, X-ray photoelectron spectroscopy
(XPS) and FT-IR were performed at different states. As illustrated in Fig. 3d, the strong characteristic
peaks of K 2p emerged at the fully charged state while no signal peaks were detected at pristine state,
demonstrating the successful intercalation of K+ into PTCDI. Conversely, the intensity of K 2p peaks at
the fully discharged state declined sharply and almost vanished when compared with that at the fully
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charged state, verifying the reversible de-intercalation of K+ from PTCDI.31, 34, 42, 44 Distinct from the
pristine state, a new peak (532.6 eV) corresponding to the C − O species at the fully charged state was
clearly observed, verifying the conversion of C = O to C − O species (Fig. 3e).31, 32, 34, 39, 42–44, 59 During the
subsequent discharge process, the relative intensity of C − O/C = O declined from 1.32 at the fully charged
state to 0.12, demonstrating the reversible conversion of C − O to C = O species. Apart from that, the
reversible conversion process of the PTCDI anode was also consolidated by FT-IR (Fig. 3f). It is notable
that the intensity of the stretching vibration of carbonyl groups (− C = O) appearing at 1666 cm− 1 at the
fully charged state is signi�cantly weaker than that at pristine state. Meanwhile, a new and broad peak
standing at 1617 cm− 1 can be clearly observed, demonstrating the conversion from carbonyl groups (− C 
= O) to enolate groups (− C−O).31, 32, 34, 39, 42–44, 59 Upon the subsequent discharge process, almost all the
above characteristic peaks recovered to their original positions and intensities, suggesting the highly
reversible conversion between carbonyl (− C = O) and enolate (− C−O) groups of the PTCDI anode.

Considering the intrinsic superiority of being inert to various iodine anionic species of the PTCDI anode
and superb electrochemical performances of the PTCDI//I2 full cell in saturated KCl electrolyte, an
additional saturated I2(s) was introduced into the KCl electrolyte to validate the feasibility of the
PTCDI//I2 full cell in the presence of I2 in electrolyte. Herein, distinct from various strategies employed in
metal//I2 batteries that try best to con�ne I2 in cathode to prevent iodine species from entering the
electrolyte, whichever in fact cannot completely prevent, the PTCDI//I2 full cell has no need to worry about
this knotty problem and even welcome the introduction of I2 into electrolyte. The operational voltage
window of the saturated KCl + I2(aq) mixed electrolyte was 2.75 V, slightly broader than that of pure
saturated KCl electrolyte which may ascribe to the less amount of free water when saturated I2 is

dissolved in the electrolyte (Fig. S9).60 As expected, CV curves of the PTCDI electrode in the mixed
electrolyte were identical to that in pure saturated KCl electrolyte, consolidating the intrinsic
characteristics of inertness to various iodine anionic species of the PTCDI electrode (Fig. S10a). As a
control experiment, CV measurement of the PTCDI electrode was also performed in a pH ≈ 5 dilute HCl
electrolyte (the same pH value as the mixed electrolyte) and no redox peaks are observed, indicating that
protons have no effect on the charge/discharge of the PTCDI electrode (Fig. S10b).

Figure 4a displays typical CV curve of the PTCDI//I2 full cell in the saturated KCl + I2(aq) mixed electrolyte.
Strikingly, a cascade cell composed of two independent electrochemical processes (marked as step 1 and
step 2 separately) is clearly observed. Compared with conventional batteries including only one
electrochemical reaction, this cascade battery presents many advantages: a, integrating two full reactions
internally and avoiding the inactive additional components needed for external connection. b, higher
utilization of the reaction chamber. c, higher energy output.29 The CV curve in step 2 is in consistent with
that of the PTCDI//I2 full cell in pure saturated KCl electrolyte. Apart from that, a pair of additional redox
peaks in step 1 is attributed to the I2//I2 symmetric cell self-constructed in the mixed electrolyte and is
discussed as follows. When using a blank graphite paper (GP, current collector in the above-discussed
PTCDI//I2 batteries) as working electrode tested in the mixed electrolyte, two pairs of redox peaks
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corresponding to the conversion of I−/I0 and I0/I+ are apparent, which means the existence of the
possibility of I2//I2 symmetric cell self-constructed in the mixed electrolyte (Fig. S11).2, 3, 5 Then, two pairs
of redox peaks centered at different potentials are clearly separated (Fig. 4b). Therefore, a pair of
pronounced redox peaks within the voltage range of 0 − 0.5 V is clearly detected when using blank GP as
both electrodes in the full cell, demonstrating that the I2//I2 symmetric cell self-constructs successfully in
the mixed electrolyte (Fig. 4c). Moreover, the voltage range of the I2//I2 symmetric cell is consistent with
that of step 1 in Fig. 4a, further con�rming that the redox peaks in step 1 are assigned to the I2//I2
symmetric cell. Besides, no characteristic redox peaks of the blank GP//GP full cell were detected whether
in pure saturated KCl electrolyte (Fig. S12a) or in pure saturated I2(aq) electrolyte (Fig. S12b), verifying
that the I2//I2 symmetric cell self-constructed only in the mixed electrolyte. Fig. S12b also substantiates

the importance of Cl− in electrolyte and in accord with the theoretical calculation results in Fig. 1b.

As an indispensable part of the PTCDI//I2 cascade cell system, electrochemical performances of the I2//I2
symmetric cell (step 1) were systematically evaluated by testing the GP//GP full cell in the mixed
electrolyte (Fig. S13). During the charge process, I2 molecules absorbed at the interface between the

anode and electrolyte were oxidized to I+ while absorbed at the interface between the cathode and
electrolyte were reduced to I− simultaneously (Fig. S13a).2, 3, 5 Reversibly, all the above oxidized and
reduced states of iodine recovered to their original state individually during the discharge process (Fig.
S13b). A charge plateau at 0.38 V and a discharge plateau at 0.19 V were clearly observed in the typical
GCD curve of the I2//I2 symmetric cell (Fig. S13c), in accord with the CV results in Fig. 4c. A discharge

areal capacity of 0.06 mAh cm− 2 can be obtained at 0.2 mA cm− 2 after 9930 cycles, exhibiting the
excellent stability of the I2//I2 symmetric cell. Distinct from conventional batteries, the capacity exhibits a
trend of continuous rise during cycling due to the increasing activated I2 molecules (Fig. S13d). Moreover,

discharge areal capacities of 0.03, 0.016, 0.008 and 0.006 mAh cm− 2 were achieved at 2, 5, 10 and 15
mA cm− 2, respectively, indicating good rate capability (Fig. S13e). A new peak centered at 343 nm
corresponding to ICl interhalogens emerged at the fully charged state and almost vanished at the fully
discharged state, verifying the reversible conversion of I0/I+ (Fig. S13f).2, 3, 5 In view of a large amount of
I2 contained in the mixed electrolyte, the intensity change of the broad absorption peak (375 − 494 nm)

corresponding to I2 molecules was not apparent at different states.2, 3, 5

Therefore, the �rst charge step (marked as step 1) of the cascade cell based on the PTCDI//I2 in the
saturated KCl + I2(aq) mixed electrolyte corresponds to the conversion of the I2//I2 symmetric cell within
the voltage range of 0 − 0.5 V (Fig. 4e). During the second charge step (marked as step 2) within the
voltage range of 0.5 − 2.5 V, the conversion of I−/I0/I+ occurred at the cathode and the intercalation of K+

occurred at the PTCDI anode (Fig. 4f).2, 3, 5 Overall, chemical reactions of the cascade cell can be
expressed as follows:

Step 1: cathode: I2 + 2Cl− ↔ 2ICl + 2e− (3)
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anode: I2 + 2e− ↔ 2I− (4)

Step 2: cathode: 2I− ↔ I2 + 2e− I2 + 2Cl− ↔ 2ICl + 2e− (5)

anode: 2PTCDI + 4K+ + 4e− ↔ 2PTCDI − 2K (6)

As presented in Fig. 4g, a major discharge plateau at 0.34 V corresponding to the I2//I2 symmetric cell
was clearly observed in step 1, and the GCD curve in step 2 was identical to that of the PTCDI//I2 full cell
in saturated KCl electrolyte in Fig. 2d. Moreover, these results are in accord with CV results in Fig. 4a, and
consolidate the successful construction of the PTCDI//I2 cascade cell in the mixed electrolyte. A high

discharge capacity of 623 mAh g− 1 was delivered at 40 A g− 1 after 6000 cycles (Fig. 4h). Impressively,
the PTCDI//I2 cascade cell even achieved 105000 cycles under a higher current density of 60 A g− 1,
exhibiting an outstanding cyclical stability (Fig. S14). The morphology and particle size of the PTCDI
anode after cycling at 40 A g− 1 for 9200 cycles in the mixed electrolyte are almost identical to those in
pristine state, consolidating the intrinsic superiority of being immune to various iodine anionic species
and excellent structural stability of PTCDI (Fig. S15). As illustrated in Fig. 4i, discharge capacities of 574,
500, 376, 285 and 264 mAh g− 1 were delivered at 40, 70, 100, 130 and 160 A g− 1, respectively. Notably, a
discharge capacity of 572 mAh g− 1 was delivered when the current density was shifted from 160 to 40 A
g− 1, the value of which is 99.7% of that at initial 40 A g− 1, demonstrating the superb rate capability of the
PTCDI//I2 cascade cell. Compared with well-known strategies (e.g., water-in-salt, liquid polymer

additive)61–80 to broaden the voltage window in aqueous electrolyte, the high voltage of the PTCDI//I2
cascade cell exhibited great superiority by just utilizing the saturated KCl + I2(aq) mixed electrolyte
without highly concentrated salts or a large amount of polymers (Fig. 4j). Consequently, this is a
promising strategy to obtain a low-cost, eco-friendly and high-voltage aqueous battery. Therefore, distinct
from the reported I2-cathode single battery, the successful construction of PTCDI//I2 cascade cell in
mixed electrolyte for the �rst time demonstrates the feasibility of cascade cell in I2-batteries, making full
use of the iodine leaked from the I2 cathode and outputting more energy as I2//I2 symmetric cell in
electrolyte. Moreover, the concept of PTCDI//I2 cascade cell not only enriches the family of aqueous
halogen-batteries with high performance, but also paves a new way for the construction of high-
performance battery systems based on sulfur electrodes.

Inspired by the results that the conversion of I−/I0/I+ can be completed by merely using blank GP as
electrode in the mixed electrolyte (Fig. S11), an aqueous cathode-free cascade cell of PTCDI//GP was
successfully constructed in the same electrolyte (Fig. S16). Owing to the same reaction mechanism,
reaction processes of the PTCDI//GP cathode-free cascade cell are identical to those of the PTCDI//I2
cascade cell (Fig. S16a − f). Similarly, the PTCDI//GP cathode-free cascade cell demonstrated stable
cycling performance and good rate capability (Fig. S16g − i). Furthermore, a large area soft package
battery of the PTCDI//GP cathode-free cascade cell with 6 cm ⋅ 8 cm was successfully assembled
(Fig. 4k). The capacity retention reached 70% at 80 mA after cycling for 900 cycles, exhibiting good
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cyclical stability (Fig. 4l). A power density of 52 W m− 2 was obtained when an ultra-high current of 320
mA was applied, indicating the high rate tolerance of the cascade cell. Besides, a power density of 16 W
m− 2 was achieved when the current was shifted from 320 to 80 mA, the value of which is almost
identical to that at initial 80 mA, exhibiting good reversibility (Fig. 4m).

Conclusion
In summary, unlike all the reported aqueous I2-cathode batteries, a novel aqueous PTCDI//I2 battery in
saturated KCl electrolyte was �rstly proposed. Strikingly, owing to the intrinsic superiority of inertness to
various iodine anionic species and excellent structural stability of the PTCDI anode as well as the e�cient
conversion of I−/I0/I+ bene�ting from the KCl electrolyte, an ultra-long lifespan up to 92000 cycles of the
full cell under the high current density of 40 A g− 1 was achieved. Besides, the maximal energy density
and power density can be reached to 434 Wh kg− 1 at 50420 W kg− 1 and 155072 W kg− 1 at 86 Wh kg− 1,
respectively, far exceeding all reported I2 − based cathode batteries and most ARKFBs. Furthermore,
considering the characteristics of intrinsic inertness to various iodine anionic species of PTCDI, the
PTCDI//I2 battery welcomed the introduction of I2 into electrolyte and successfully self-constructed a
cascade cell in KCl + I2(aq) mixed electrolyte, which can further reach 2.5 V without employing highly

concentrated salts or polymer additives and work for 105000 cycles at 60 A g− 1, providing new sights for
constructing two-in-one battery systems. Moreover, in view of the results that the conversion of I−/I0/I+

can be completed when just using blank GP current collector as electrode in the mixed electrolyte, the
PTCDI//GP cathode-free cascade cell was �rstly constructed. Besides, a soft package battery with large
area of the PTCDI//GP cathode-free cascade cell was evaluated. The design of this novel ultra-high-
performance PTCDI//I2 full cell and its cascade system broadens the family of aqueous I2-cathode
battery systems, lays a solid foundation towards industry and market, and provides a new idea for the
construction of high-performance battery systems based on halogen and sulfur electrodes.

Methods
Chemicals and materials synthesis. Iodine (I2; ≥ 99.8%, Aladdin, China), potassium chloride (KCl; 99%,
Aladdin, China), 3,4,9,10 − Perylenetetracarboxylic diimide (PTCDI; 95%, Alfa Aesar, America), active
carbon (AC; 1800 m2 g− 1, XFNANO, China) were purchased and used without further treatment. I2@AC
was synthesized through a facile method. Brie�y, equal amount of I2 and AC were entirely mixed by
grinding. Then, the mixed powder was sealed in a hydrothermal reactor and heated at 80 ℃ for 4 h. After
natural cooling, porous I2@AC was obtained.

Preparation of electrodes. To prepare the PTCDI anode, PTCDI, Ketjen Black (KB) and polyvinylidene
�uoride (PVDF) binder were homogeneously mixed at a weight ratio of 7:2:1 in N − methyl pyrrolidone
(NMP) solvent. After stirring for 4 h, the mixture was coated onto a graphite paper (GP) substrate and
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dried under vacuum at 80 ℃ for 12 h. The average mass loading of the PTCDI anode is 1.0 − 1.3 mg cm− 

2.

To prepare the I2@AC cathode, I2@AC, KB and PVDF binder were homogeneously mixed at a weight ratio
of 8:1:1 in NMP solvent. After stirring for 4 h, the mixture was coated onto a GP substrate and dried under
vacuum at 40 ℃ for 12 h. The average mass loading of the I2@AC cathode is 0.5 − 0.7 mg cm− 2.

To prepare the AC electrode, AC, KB and PVDF binder were homogeneously mixed at a weight ratio of
7:2:1 in NMP solvent. After stirring for 4 h, the mixture was coated onto a GP substrate and dried under
vacuum at 80 ℃ for 12 h. The average mass loading of the AC electrode is 1.0 − 1.3 mg cm− 2.

To prepare the KB electrode, KB and PVDF binder were homogeneously mixed at a weight ratio of 9:1 in
NMP solvent. After stirring for 4 h, the mixture was coated onto a GP substrate and dried under vacuum
at 80 ℃ for 12 h. The average mass loading of the KB electrode is 1.0 − 1.3 mg cm− 2.

Materials charaterization and electrochemical measurements. X − ray diffraction (XRD; Ultima IV, Rigaku,
Japan) was carried out to determine the structure and phase composition. Fourier transform infrared
spectroscopy (FT − IR; Nicolet iS5, Thermo Scienti�c, America) was performed to determine the functional
groups of organic molecule. Brunaur − Emmett − Teller (BET; ASAP 2460, Quantachrome, America)
surface areas were measured using N2 adsorption − desorption at 77 K. Ultraviolet − visible (UV − vis;
Lambda 365, Perkin Elmer, America ) spectroscopy was carried out with a range from 200 to 800 nm.
Raman spectroscopy (Qontor, Renishaw/InVia, England) equipped with a laser of 532 nm wavelength
was conducted to record the crystallographic information. X − ray photoelectron spectroscopy (XPS; PHI
5000 Versaprobe III, Ulvac − Phi, Japan) was performed to analyze the surface composition and valance
evolution details. Scanning electron scanning electron microscopy (SEM; SU8010, HITACHI, Japan) was
employed to characterize the morphology. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
test were carried out on a electrochemical workstation (CHI760E, Chenhua, China). The electrochemical
potential window of the aqueous electrolyte was determined through the three-electrode system (working
electrode: the KB electrode; counter electrode: platinum; reference electrode: standard Ag/AgCl electrode).
Galvanostatic charge/discharge (GCD) measurement was conducted in a battery test system (CT3002A,
LANHE, China).

Computational details. All structures were optimized by Density Functional Theory (DFT) using B3LYP
functional with LANL2DZ basis set, using Gaussian 09W program.81, 82 All calculations were carried out
with the atom-pairwise dispersion correction (DFT-D3) and the implicit universal solvation model based
on Solute Electron Density (SMD).83, 84

To clarify the mechanism of selected cations on the conversion of I−/I0, several systems were simulated,
and the Gibbs free energy change ( ) was used to measure the degree of spontaneity of different
systems (formula shows below).

ΔG
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The dissociation energy (Edissociation) were computed from:

Egroup, EI and Eanion are the energies of the group, I+ ion and isolated anions, respectively.

Data Avaliability
The data that support the plots within these paper and other �ndings of this study are available from the
corresponding author on reasonable request. Source data are provided with this paper.
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Figure 1

a, Comparison of the calculated Gibbs free energy change of I−/I0 conversion in different cations
environment. b, Comparison of the calculated dissociation energy of various iodine compounds. c, The
charge/discharge potential range and speci�c capacity of anodes with K+ insertion/de-insertion
chemistry.
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Figure 2

a−b, Schematics of reaction mechanism of the PTCDI//I2 full cell in saturated KCl electrolyte during
charging and discharging processes, respectively. c−d, The typical CV and GCD pro�les of the full cell,
respectively. The speci�c capacity was calculated based on the mass loading of I2 in I2@AC cathode. e,
Comparison of the discharge voltage plateau among reported works. f, Cycling performance of the full
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cell at 40 A g−1. g, Cycling performance comparison with literatures on aqueous I2-cathode based
batteries and ARKFBs. h, The rate capability at different current densities. i, Rate capability comparison
with literatures on aqueous I2-cathode based batteries and ARKFBs. j, Ragone plots of this work
compared to the previously reported aqueous I2-cathode based batteries and ARKFBs.

Figure 3
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a, GCD curve of the PTCDI//I2 full cell with marked voltage points for characterizations. b, UV-vis spectra
of the utilized electrolyte recorded at varied charge/discharge stages. c, Raman spectra of the I2 electrode
recorded at different charge/discharge states. d−f, High-resolution K 2p XPS spectra, O 1s XPS spectra,
and FT-IR spectra of the PTCDI anode at pristine, fully charged and fully discharged states, respectively. 

Figure 4
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a, The typical CV curve of the PTCDI//I2 cascade cell in saturated KCl+I2(aq) mixed electrolyte. b, The
typical CV curves of the graphite paper (GP) substrate in a three-electrode system (working electrode: GP;
counter electrode: platinum; reference electrode: standard Ag/AgCl electrode). c, The typical CV curve of
the GP//GP symmetric battery in saturated KCl+I2(aq) mixed electrolyte. d−f, Schematic illustration of the
PTCDI//I2 cascade cell in saturated KCl+I2(aq) electrolyte at pristine, the �rst charge step and the second
charge step, respectively. g−i, The typical GCD curve, cycling performance and rate capability of the
PTCDI//I2 cascade cell in saturated KCl+I2(aq) mixed electrolyte, respectively. The speci�c capacity was
calculated based on the mass loading of I2 in I2@AC cathode. j, Comparison of the operating voltage
range between this work and literatures on high-voltage aqueous batteries. k−m, Photograph, capacity
retention, and rate capability of the PTCDI//GP cathode-free cascade cell in saturated KCl+I2(aq) mixed
electrolyte, respectively.
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