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A B S T R A C T   

Aqueous potassium-ion batteries (AKIBs) are promising candidates for large-scale energy storage. However, the 
performance of AKIBs is restricted the dissolution of electrode materials and the narrow voltage window of 
aqueous electrolytes. Herein, we report the amphiphilic supramolecule modified aqueous K-ion electrolytes with 
synergistic functions of excluded-volume effect and hydrogen bond networks, which greatly reduce the activity 
of water molecules, inhibit the dissolution of active materials, and expand the operation voltage window (>3.4 
V). Moreover, the as-assembled full-cell AKIBs exhibit an open-circuit voltage of 2.0 V, good rate capability, wide 
operating temperature range (− 20 to 90 ◦C), and ultralong cycling life (with a capacity retention of 97.8 % after 
10,000 cycles at 10 C). The study makes it possible for aqueous electrolytes to possess wide voltage window and 
temperature endurance, greatly expanding the choices of practicable electrolyte and paving the way of high- 
voltage aqueous batteries towards sustainable, safety and low-cost energy storage.   

1. Introduction 

To pursue low-carbon society, the adoption of renewable energy 
sources has become a global trend [1]. Aqueous potassium-ion batteries 
(AKIBs) are considered as promising candidates for sustainable energy 
storage, due to abundant potassium reserves, environmental benignity, 
high safety, and low cost [2–4]. The small Stokes radius of solvated K+

ions leads to high ionic conductivity of aqueous K-ion electrolytes, as 
well as high rate capability of K+ intercalation electrodes [5]. However, 
the operation voltage window of AKIBs is limited by the undesirable 
hydrogen evolution reaction (HER) and oxygen evolution reaction 
(OER) in aqueous electrolytes. Generally, an increase in salt concen-
tration helps to break the limit from the narrow electrochemical stability 
window of water (1.23 V) [6,7], but the cost of potassium salts itself pose 
challenges for the practical deployment. Therefore, the rational design 
of advanced electrolyte systems is of great significance for the devel-
opment of AKIBs. 

According to the Flory theory in good solvents [8], due to the 
impenetrability between molecules, steric repulsion occurs when two 
molecules are close to each other in a limited liquid phase. Because of 
the presence of crowded molecules (especially macromolecules), the 

repelled space is not just the volume occupied by these molecules, but 
also the space around them. This phenomenon affects and alters the 
interaction and diffusion behavior of molecules in solution. Further-
more, increasing the concentration of crowded molecules improves the 
diffusion coefficient of target molecules [9]. This phenomenon is called 
the “excluded-volume effect”, which has been reported in polymer 
physics and biomacromolecule research [10–12], but rarely in electro-
lyte research. In a molecularly crowded solution that contains large 
molecules, increasing the concentration of macromolecules will reduce 
the free energy of the solution due to the excluded-volume effect. Be-
sides, increasing the concentration of macromolecules will hinder the 
solvation of carrier ions and increase the diffusion coefficient of carrier 
ions. Nevertheless, the application of supramolecules with excluded- 
volume effect in aqueous electrolytes for the AKIBs has not been 
explored yet. 

On the other hand, the practicability of AKIBs is also limited by the 
search for desirable anode materials with high capacity and long cycling 
stability in aqueous electrolytes. Organic carbonyl compounds are 
featured by good redox reversibility with a two-electron or even multi- 
electron conversion mechanism [13–15]. However, the poor electronic 
conductivity and non-negligible solubility in aqueous electrolytes of 
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conventional organic carbonyl anode materials make the battery per-
formance unsatisfactory [16,17]. Differently, peryleneimide compound 
and its derivatives possess large π-conjugated fused-ring aromatic 
structures and planar electron delocalization configurations. The π-π 
stacking effect between large perylene rings leads to high electron 
mobility along the stacking direction and insolubility in aqueous elec-
trolytes. Therefore, we suggest that peryleneimide derivatives could be a 
promising choice to serve as high-performance anode materials in 

AKIBs. 
Based on the above analyses, here we propose the construction of 

full-cell AKIBs based on amphiphilic supramolecule modified excluded- 
volume electrolytes, conjugated peryleneimide derivative anodes and 
Prussian blue analogue cathodes. It is well known that cyclodextrins is a 
class of amphiphilic supramolecules with hydrophobic cavities and hy-
drophilic surface [18]. The unique molecular structures of cyclodextrins 
give them peculiar physical and chemical properties, such as easy to 

Fig. 1. Principle and properties of 
amphiphilic supramolecule excluded- 
volume electrolytes. (a), Schematic 
illustration of K+ solvation shells in 
traditional aqueous electrolytes (left) and 
HBCD excluded-volume electrolytes 
(right), respectively. (b), LSV curves of 
2.0 M KCF3SO3–x HBCD–(1-x) H2O elec-
trolytes with different contents of HBCD 
(x = 0 %, 50 %, 60 %, 70 %, and 75 %), 
respectively. (c–f), (c) Raman spectra, (d) 
1H NMR spectra, and (e, f) normalized 
FTIR spectra of x HBCD–(1-x) H2O solu-
tions with different contents of HBCD (x 
= 0 %, 50 %, 60 %, 70 %, and 75 %), 
respectively.   
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synthesis and purification, low toxicity, high biocompatibility and 
chemical stability [19,20]. To demonstrate the excluded-volume effect 
of amphiphilic supramolecules on enhancing the performance of 
aqueous electrolyte, we introduced different concentrations of highly 
water-soluble, electrochemically inert and low-cost (2-hydroxypropyl)- 
β-cyclodextrin (HBCD) supramolecules into 2.0 M KCF3SO3 aqueous 
electrolyte. The molecular size of HBCD is about two orders of magni-
tude larger than that of H2O, resulting in a significant excluded-volume 
effect in aqueous electrolyte. Moreover, HBCD possesses abundant hy-
droxyl side groups, which are conducive to form abundant and dense 
hydrogen bond networks with circumjacent water molecules. The syn-
ergistic functions of excluded-volume effect and hydrogen-bond net-
works can greatly reduce the activity of water molecules, expand the 
electrochemical window of aqueous electrolyte, and inhibit the disso-
lution of active materials. For comparison, two different peryleneimide 
derivatives, including perylene-3,4,9,10-tetracarboxydiimide-ethylene 
diamine copolymer (p-PTCDI-EDA) and 3,4,9,10-perylenetetracarbox-
ylic diimide (PTCDI), are synthesized and adopted as anode materials 
in AKIBs. By pairing with copper hexacyanoferrate (CuHCF) cathode 
material, the as-assembled full-cell AKIBs exhibit a high open-circuit 
voltage of 2.0 V, good rate capability (up to 30 C), wide operating 
temperature range (− 20 to 90 ◦C), and ultralong cycling life (with a 
capacity retention of 97.8 % after 10,000 cycles at 10 C). The study on 
excluded-volume electrolyte makes it possible for aqueous electrolytes 
to possess both wide electrochemical windows and low costs, thus can 
greatly enriches the choices of electrolytes for high-voltage aqueous 
batteries towards sustainable, high-safety and low-cost energy storage 
applications. 

2. Results and discussion 

2.1. Fabrication and characterization of supramolecule excluded-volume 
electrolytes 

In traditional aqueous K-ion electrolytes, most of the water mole-
cules are existed in free states, and preferentially interact with K+ ions to 
constitute the primary solvation shell (as shown in the left of Fig. 1a), 
which leads to side reactions of oxygen and hydrogen evolutions and 
seriously restricts the operation voltage window of aqueous electrolytes. 
To solve these issues, here we introduce a class of large-size amphiphilic 
supramolecule, HBCD, into KCF3SO3 based aqueous electrolyte system, 
which can induce a prominent excluded-volume effect, as presented in 
the schematic diagram on the right of Fig. 1a. As the concentration of 
HBCD increases, the water molecules located in the primary solvent 
shell are repelled. Meanwhile, the excluded water molecules are 
confined in a limited space between HBCD, greatly decreasing the 
amount of free water molecules. In addition to excluded-volume effect, 
dense hydrogen bonds also exist between the rich hydroxyl side groups 
of HBCD and water molecules, thereby further reducing the activity of 
water molecules. In other words, the enhanced interaction of HBCD with 
water molecules is accompanied by a weakened interaction of K+ cations 
with water molecules. Based on the excluded-volume effect of macro-
molecules in crowded solutions, the changed free energy of small mol-
ecules can be calculated by the modified Gibbs free energy formula, as 
follows [21]: 

ΔGex = - NkBTIn
(

Vbox − Vex

v

)

+ NkBTIn
(

Vbox

v

)

(1)  

where ΔGex represents the changed free energy of small molecules, N 
represents the number of small molecules, kB represents the Boltzmann 
constant, T represents the temperature, Vbox represents the volume of 
system, Vex represents the exclusion volume by large molecules, and v 
represents the unit volume constant. It is noted that this formula shall be 
used for only preliminary estimates as it is based on ideal conditions. 
Nevertheless, the basic relation between macromolecules and water 

molecules can still be gotten from this formula that the larger the 
excluded volume (Vex) of macromolecules, the more obvious the change 
of the free energy for water molecules (ΔGex). It is clear that the size of 
HBCD molecule (1092 cm3 mol− 1) is about one hundred times larger 
than that of H2O molecule, which can induce a significant excluded- 
volume effect. Consequently, increasing the concentration of HBCD is 
beneficial to enhance excluded-volume effect and restrict the activity 
space of water molecules. 

To demonstrate the excluded-volume effect of amphiphilic supra-
molecules in aqueous K-ion electrolytes based on a normal potassium 
salt concentration, a series of 2.0 M KCF3SO3–x HBCD–(1-x) H2O elec-
trolytes were prepared, with the weight content of HBCD (x) ranging 
from 50 to 75 wt% (Fig. S1). We first evaluated the electrochemical 
stability windows of the excluded-volume electrolytes with different 
HBCD contents by linear sweep voltammetry (LSV) measurements 
(Fig. 1b). As the content of HBCD increases from 50 to 75 wt%, the 
electrochemical stability window of the electrolyte broadens from 1.5 V 
to more than 3.4 V (vs Ag/AgCl), and the slope of the LSV curve also 
decreases accordingly. This indicates that the HER and OER processes of 
water molecules at low and high potentials can be effectively suppressed 
by the introduction of HBCD, well beyond the ordinary thermodynamic 
stability limit of water (1.23 V). Especially, the very low HER potential 
of HBCD electrolyte enables the application of a series of low-potential 
anodic active materials in AKIBs. 

The interactions between HBCD and H2O molecules in the excluded- 
volume electrolytes with different HBCD concentrations were further 
studied by Raman spectroscopy and 1H nuclear magnetic resonance 
spectroscopy (1H NMR). The Raman peak at 2945 cm− 1 corresponds to 
the characteristic peak of HBCD (Fig. 1c) [22]. As the content of HBCD 
increases from 50 to 75 wt%, the characteristic peak intensity of HBCD 
significantly increases. The inconspicuous peak at 3480 cm− 1 corre-
sponds to the O–H stretching mode of water molecules in the excluded- 
volume electrolyte, indicating that the introduction of HBCD can 
significantly reduce the activity of water molecules and meanwhile the 
water network connected by hydrogen bonds is destroyed [7,23]. 
Furthermore, the 1H NMR shift of H2O decreased as the content of HBCD 
increases (Fig. 1d), indicating higher electron density around the H 
atoms of H2O molecule. This should be due to the hydrogen bond in-
teractions between the O atoms of HBCD and the H atoms of H2O. Fig. 1e 
and f showed normalized FTIR spectra of a series of x HBCD–(1-x) H2O 
electrolytes. The mode of H–O bending (1636.3 cm− 1) and stretching 
(3241.3 cm− 1) of H2O shifted to higher wavenumbers (1645.5 and 
3269.2 cm− 1) with the HBCD increasing from 0 to 75 %. This blue shift 
of the H–O bond can be owing to excluded-volume effect and hydrogen- 
bond networks of HBCD molecules on water molecules. 

Furthermore, the ionic conductivities and pH values of 2.0 M 
KCF3SO3–x HBCD–(1-x) H2O electrolytes were tested in Figs. S2 and S3, 
respectively. With the increase of HBCD content, the ionic conductivity 
decreased, while the pH value slightly increased but still close to the 
netural level. The ionic conductivity and pH of 2.0 M KCF3SO3–75 % 
HBCD–25 % H2O electrolytes were measured to be 1.9 mS cm− 1 and 
7.21, respectively. The flammability test of 2.0 M KCF3SO3–75 % 
HBCD–25 % H2O electrolyte was also carried out (Fig. S4), confirming 
its reliable flame retardancy performance. 

2.2. Fabrication and characterization of conjugated peryleneimide 
derivative anode materials 

For comparison, two distinct peryleneimide derivatives were pre-
pared as organic anode materials for the assembly of full-cell AKIBs 
(Fig. 2a). Briefly, p-PTCDI-EDA with polymeric structure was prepared 
via the polycondensation between PTCDA and ethylenediamine pre-
cursors, while fused-ring PTCDI was prepared via the amination of 
PTCDA precursor. Both p-PTCDI-EDA and PTCDI possess π-conjugated 
perylene units with large-size planar electron delocalization structures, 
as well as multiple redox-active carbonyls and good electrochemical 
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stability. Scanning electron microscopy (SEM) images show the different 
morphological characteristics of as-synthesized p-PTCDI-EDA and 
PTCDI (Fig. S5). Detailed structural information of the peryleneimide 
derivatives as well as PTCDA precursor was investigated by Fourier 
transform infrared (FTIR) spectroscopy (Fig. 2b and Fig. S6), and the 
assigned characteristic FTIR bands were listed in Table S1. The typical 
vibrations of C––O bonds from anhydride groups of PTCDA precursor 
(~1770 cm− 1) are clearly different from the typical vibrations of C––O 
bonds from imide groups of p-PTCDI-EDA (~1690 cm− 1) and PTCDI 
(~1687 cm− 1) [24–26], indicating that no anhydride group exists in p- 
PTCDI-EDA and PTCDI. Moreover, the typical vibrations of C––C and 
C–N–C bonds from the perylene units of p-PTCDI-EDA and PTCDI are 
roughly the same, indicating that they have similar π-conjugated 
structure [27]. Different from the FTIR spectrum of PTCDI, the typical 
peaks located at ~3153 cm− 1 belonging to the strong vibrations of N–H 
bonds could not be found in the FTIR spectrum of p-PTCDI-EDA. 

The crystallinity structure of p-PTCDI-EDA and PTCDI was further 
characterized by X-ray diffraction (XRD) patterns (Fig. 2c). Sharp 
diffraction peaks could be observed in the XRD patterns, indicating the 
good crystallinity of p-PTCDI-EDA and PTCDI, which should be attrib-
uted to the π-π stacking effect. The diffraction peaks around 25◦ for p- 
PTCDI-EDA and PTCDI are derived from the π-π interactions between the 
aromatic skeletons of perylene units [16], while the disappearance of 
other diffraction peaks of p-PTCDI-EDA is mainly due to the partial 
amorphization of organic crystals caused by the polymerization process. 
Another notable difference is that the Brunner-Emmet-Teller (BET) 
surface areas of p-PTCDI-EDA and PTCDI are 165 and 31 m2 g− 1, 

respectively (Fig. 2d). The pore size distribution of p-PTCDI-EDA in-
dicates that it has a mesoporous structure (Fig. S7), which is different 
from compact PTCDI with very little porosity. 

To further understand the structural superiority of p-PTCDI-EDA and 
PTCDI, we calculated the energy levels of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of p-PTCDI-EDA with different polymerization degrees (n = 1, 
2, 3) and PTCDI, as shown in Fig. 2e, f. As the polymerization degree of 
p-PTCDI-EDA increases from 1 to 3, the HOMO-LUMO gap decreases 
from 2.502 to 2.466 eV (Fig. 2e), indicating that the polymerized p- 
PTCDI-EDA tends to have better electronic conductivity, which is 
beneficial to achieve better electrochemical kinetics for K+ ion storage. 
The electronic conductivity of p-PTCDI-EDA is measured and calculated 
to be 0.098 S cm− 1, which is high than that of PTCDI (0.075 S cm− 1). 
Moreover, the HOMO-LUMO gap of PTCDI is calculated to be 2.505 eV 
(Fig. 2f), which comparable to the value of p-PTCDI-EDA monomer. 

2.3. Battery performance of full-cell AKIBs based on excluded-volume 
electrolyte 

For the construction of full-cell AKIBs, CuHCF cathode material with 
a Prussian blue analogue structure was prepared to match with PTCDI- 
EDA and PTCDI anode materials. The XRD pattern of as-prepared CuHCF 
active material (Fig. S8) is well consistent with previous literature [28]. 
Cyclic voltammetry (CV) tests on p-PTCDI-EDA, PTCDI, and CuHCF 
electrodes at different scan rates (Fig. 3a–c) were performed by using 
2.0 M KCF3SO3–75 %HBCD–25 % H2O electrolyte. For p-PTCDI-EDA 

Fig. 2. Synthesis and characterizations of conjugated peryleneimide derivative anode materials. (a–c), (a) Synthesis routes, (b) FTIR spectra, and (c) XRD patterns of 
p-PTCDI-EDA and PTCDI. (d), Nitrogen adsorption–desorption curves of p-PTCDI-EDA and PTCDI at 77 K. (e, f), Calculated HOMO/LUMO energy levels and band 
gaps of p-PTCDI-EDA (n = 1, 2, 3) and PTCDI, respectively. 
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anode scanned at 1.0 mV s− 1 (Fig. 3a), two pairs of redox reversible 
peaks are emerged, including two oxidation peaks at 2.5 and 3.0 V (vs 
K+/K) and two reduction peaks at 2.0 and 2.6 V (vs K+/K), respectively. 
Similarly, the PTCDI anode scanned at 1.0 mV s− 1 (Fig. 3b) also exhibits 
two pairs of redox reversible peaks, including two oxidation peaks at 2.3 
and 3.0 V (vs K+/K) and two reduction peak at 2.0 and 2.5 V (vs K+/K), 
respectively. For CuHCF cathode scanned at 1.0 mV s− 1 (Fig. 3c), an 
oxidation peak at 3.93 V (vs K+/K) and a reduction peak at 3.88 V (vs 
K+/K) are identified. It is notable that all the CV curves of p-PTCDI-EDA, 
PTCDI, and CuHCF electrodes at different scan rates exhibit good redox 
reversibility and electrochemical consistency. 

The full-cell AKIBs based on 2.0 M KCF3SO3–75 % HBCD–25 % H2O 
excluded-volume electrolyte, p-PTCDI-EDA or PTCDI anodes, and 
CuHCF cathodes were constructed, with the structural configuration and 

working mechanism displayed in Fig. 3d. As shown in the Nyquist plots 
(Fig. 3e), the cell Ohmic impedance of the CuHCF||p-PTCDI-EDA and 
CuHCF||PTCDI AKIBs are 8.9 and 10.7 Ω cm− 2, respectively, indicating 
that the electronic conductivity of p-PTCDI-EDA is better than PTCDI, 
consistent with the calculated results (Fig. 2e, f). The rate performances 
of the as-assembled AKIBs were tested between 1 and 30 C (Fig. 3f). At 
the current rate of 1 C, the CuHCF||p-PTCDI-EDA AKIBs deliver a spe-
cific capacity of 110 mAh/g (based on the mass of anodic active mate-
rial, 1 C = 120 mAh/g) and an average cell voltage of 1.1 V. At an 
ultrahigh rate of 30 C, the CuHCF||p-PTCDI-EDA AKIBs exhibit a ca-
pacity of 95 mAh/g and a higher cell voltage of 1.3 V (Fig. S9). 
Compared to the CuHCF||p-PTCDI-EDA AKIBs, the CuHCF||PTCDI 
AKIBs exhibit higher capacity at low rates but lower capacity at high 
rates. The specific capacity of the CuHCF||PTCDI AKIBs at 1 C are higher 

Fig. 3. Electrochemical performances of the full-cell AKIBs based on excluded-volume electrolyte. (a–c), CV curves of (a) p-PTCDI-EDA, (b) PTCDI, and (c) CuHCF 
electrodes in 2.0 M KCF3SO3–75 % HBCD–25 % H2O electrolyte measured at different scan rate from 1.0 to 10.0 mV s− 1. (d), Schematic device configuration and 
working mechanism of the full-cell AKIBs based on HBCD excluded-volume electrolytes, conjugated peryleneimide derivative anodes, and CuHCF cathodes. (e), EIS 
curves of the CuHCF||p-PTCDI-EDA and CuHCF||PTCDI AKIBs. (f), Rate capability of the CuHCF||p-PTCDI-EDA and CuHCF||PTCDI AKIBs at different rates between 
1 and 30 C. (g), Charge-discharge profiles of the CuHCF||p-PTCDI-EDA and CuHCF||PTCDI AKIBs at 1 C. (h), Long-term cycling tests of the CuHCF||p-PTCDI-EDA and 
CuHCF||PTCDI AKIBs at 2 C. 
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than those of the CuHCF||p-PTCDI-EDA AKIBs, owing to the higher 
theoretical specific capacity of PTCDI (1 C = 137 mAh g− 1). As shown in 
the charge–discharge curves (Fig. 3g), the cell voltage of CuHCF||p- 
PTCDI-EDA and CuHCF||PTCDI AKIBs are close. Long-term cycling 
tests show that both the CuHCF||p-PTCDI-EDA and CuHCF||PTCDI 
AKIBs possess remarkable cycling stability, with a capacity retention of 
94.1 % and 94.5 % after 500 cycles at 2 C, respectively (Fig. 3h). The 
high capacity retention is mainly due to the inhibition of the dissolution 
of active materials [7,23], especially the organic anodic materials by the 
excluded-volume electrolytes in this work. As shown in Fig. S10, there is 
almost no dissolved active materials residue on the separator, which can 
further prove that the active materials are almost insoluble in the 
excluded-volume electrolytes. Since the deionized water used to prepare 

the electrolyte contains some dissolved oxygen and the battery is not 
assembled in a N2 or Ar filled glovebox, the initial coulombic efficiency 
of the battery is not ideal and needs several cycles to gradually increase 
to the normal level. Similar phenomena have also been reported and 
explained in previous literature [29]. During continuous long-term 
cycling, the Coulombic efficiencies of these two cells are both main-
tained at close to 100 %. Moreover, the charge–discharge curves during 
the 1st, 100th, 300th, and 500th cycles at 2 C (Fig. S11) confirm that the 
CuHCF||p-PTCDI-EDA AKIBs could stably operate between 0.1 V and 
2.0 V. 

In-depth studies on the electrochemical performances and reaction 
kinetics of the CuHCF||p-PTCDI-EDA AKIBs were also carried out 
(Fig. 4). Ultralong-term cycling stability tests of the CuHCF||p-PTCDI- 

Fig. 4. Electrochemical performances and reaction kinetics of the CuHCF||p-PTCDI-EDA AKIBs based on excluded-volume electrolyte. (a), Long-term cycling tests of 
the CuHCF||p-PTCDI-EDA AKIBs with 2.0 M KCF3SO3–75 % HBCD–25 % H2O electrolyte at high current rates of 10 and 30 C, respectively. (b), Performance 
comparison of the full-cell AKIBs in this work with previous reports in terms of cycling life (number), capacity retention (%), and electrolyte costs ($ g− 1) 
[6,7,30–33]. (c), Cycling tests of the CuHCF||p-PTCDI-EDA AKIBs at low temperature (− 20 ◦C, 1 C) and high temperature (90 ◦C, 5 C), respectively. (d, g), CV curves 
of the CuHCF||p-PTCDI-EDA AKIBs at various scan rates from 0.5 to 2.0 MV s− 1 at 25 ◦C and − 20 ◦C, respectively. (e, h), Capacity contributions of the CuHCF||p- 
PTCDI-EDA AKIBs scanned at 0.5 mV s− 1 at 25 ◦C and − 20 ◦C, respectively, with the capacitive contribution (the shaded region) calculated based on the equation: i 
(V) = k1ν + k2ν1/2. (f, i), Column charts of the rate-dependent capacity contributions from diffusion-limited and capacitive-controlled processes of the CuHCF||p- 
PTCDI-EDA AKIBs at 25 ◦C and − 20 ◦C, respectively. 
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EDA AKIBs at high current rates of 10 and 30 C exhibited the capacity 
retentions of 97.8, and 73.6 % after 10,000 cycles (Fig. 4a). The cycle 
stability of the CuHCF||p-PTCDI-EDA AKIBs is very competitive among 
the previous reports (Fig. 4b and Table S2) [6,7,30–33]. As a compari-
son, the cycling test of CuHCF||PTCDI AKIBs for 5000 cycles at 30 C 
delivered a capacity retention of 72.6 % (Fig. S12). On the other hand, 
we compared the costs of different types of AKIBs electrolytes that can 
broaden the voltage window to > 2.5 V (Fig. 4b and Table S2). It can be 
intuitively found that the HBCD-based excluded-volume electrolyte can 
greatly reduce the cost of high-voltage electrolyte to one tenth or even 
lower. 

The low-temperature and high-temperature tolerance properties of 
the CuHCF||p-PTCDI-EDA AKIBs were also evaluated (Fig. 4c). At a low 
temperature of − 20 ◦C, the AKIBs still maintain a specific capacity of 
>80 mAh/g at 1 C with a Coulombic efficiency close to 100 %, sug-
gesting that the HBCD excluded-volume electrolyte can effectively 
endure the low temperature. At a high temperature of 90 ◦C, the 
CuHCF||p-PTCDI-EDA AKIBs maintain a specific capacity of 120 mAh/g 
at 5 C with a Coulombic efficiency > 92 %. Compared with the test at 
room temperature (Fig. 3f), the CuHCF||p-PTCDI-EDA AKIBs exhibit a 
higher capacity at 90 ◦C, indicating that a relatively high operation 
temperature could improve the conduction rate of K+ ions and the ca-
pacity utilization of active materials. On the other hand, the high tem-
perature might lead to elevated solubility and side reactions of the active 
materials in the electrolyte, resulting in decreases in Coulomb efficiency 
and capacity retention. While the CuHCF||p-PTCDI-EDA AKIBs can still 
work normally at 90 ◦C, which should be attributed to the fact that the 
introduction of HBCD can effectively inhibit the HER/OER reactions of 
water molecules and the solubilization of active materials in electrolyte 
at high temperatures. 

To investigate the temperature dependence on the electrochemical 
kinetics of CuHCF||p-PTCDI-EDA AKIBs, we performed the CV analyses 
at different scan rates from 0.5 to 2.0 mV s− 1 at 25 ◦C (Fig. 4d–f) and 
− 20 ◦C (Fig. 4g–i). At 25 ◦C, the CV curves exhibit two pairs of redox 
peaks at 1.2, 1.3 V and 0.7, 1.1 V, respectively (Fig. 4d), indicating that 
the K+ ion intercalation/deintercalation process in p-PTCDI-EDA has a 
two-electron reaction mechanism with two consecutive conversion steps 
[34]. While at − 20 ◦C, only one main pair of redox peaks is reserved 
(Fig. 4g). This may be related to the weakened electrochemical kinetics 
of K+ ion insertion at low temperature [35]. Furthermore, the respective 
current contributions from the capacitance process (k1v) and intercala-
tion process (k2v1/2) can be calculated according to the following 
equation [36]:  

i(V) = k1v + k2v1/2                                                                          (2)  

i(V)v− 1/2 = k1v1/2 + k2                                                                     (3) 

where k1v and k2v1/2 represent capacitively controlled current and 
diffusion limited current at a specific voltage, respectively. In the CV 
curves at 0.5 mV s− 1 (Fig. 4e, h), the ratios of the stored charges 
contributed by capacitive process of the CuHCF||p-PTCDI-EDA AKIBs at 
25 and − 20 ◦C are 66.1 % and 79.1 %, respectively (as marked by the 
shaded regions). As shown in Fig. 4f, the contribution ratios of capaci-
tive process of p-PTCDI-EDA at 25 ◦C at scan rates of 0.5, 1.0, 1.5, and 
2.0 mV s− 1 are calculated to be 66.1 %, 72.7 %, 78.0 %, and 81.2 %, 
respectively, which are all smaller than those measured at − 20 ◦C with 
the same scan rates (Fig. 4i). This is mainly due to that the ion diffusion 
becomes slower at lower temperature, resulting in a smaller diffusion- 
dominated contribution and a corresponding increase in the capacitive 
contribution. 

The above battery tests showed that the performance of AKIBs with 
excluded-volume electrolyte and peryleneimide anode had achieved a 
great breakthrough. This indicates that the collaborative design of 
electrolyte and electrode cannot be separated for the improvement of 
battery performance [37–41]. Moreover, it is worth noting that in order 
to further improve the battery performance, separator modification has 

also become a promising route for consideration [42,43]. 

2.4. The mechanism of CuHCF||p-PTCDI-EDA AKIBs based on excluded- 
volume electrolyte 

To gain in-depth understanding behind the superior performances of 
the CuHCF||p-PTCDI-EDA AKIBs with excluded-volume electrolyte, in- 
situ Raman, in-situ XRD and ex-situ X ray photoelectron spectroscopy 
(XPS) analyses were carried out to investigate the structure and chem-
ical bond changes of cathodic and anodic active materials during the 
cycling process. The in-situ Raman spectra of p-PTCDI-EDA anode at 
different charged/discharged states are shown in Fig. 5a. The intense 
Raman peaks at 1305, 1380, 1570, and 1590 cm− 1 are assigned to C–C 
inter-ring, C–C single-bond, C––C symmetrical and C––C anti- 
symmetrical stretching modes, respectively [44–47]. For the C–C 
inter-ring and C–C single-bond stretching modes, when the full-cell 
AKIBs were charged from 0.1 to 2.0 V, the peak positions moved to 
the low frequencies and the peak intensities weakened. When the bat-
tery was re-discharged back to 0.1 V, the peak positions and intensities 
fully recovered. Similarly, when the full AKIBs was charged to 2.0 V, the 
peak intensities of C––C symmetrical and C––C anti-symmetrical 
stretching modes weakened, and then fully recovered as the cell was 
discharged to 0.1 V. This is mainly owing to the reversible binding/ 
debinding of potassium ions during the charging/discharging process, 
resulting in the formation/vanishment of free radical anions for p- 
PTCDI-EDA, and the carbon skeleton structure of the polymer is also 
transformed accordingly. In addition, the peak of C––O (1610 cm− 1) 
gradually disappeared during the charging steps and re-appeared during 
the discharging steps. This confirmed that the reversible conversion 
between C––O and C–O–K is occurred and accompanied with the 
binding/debinding of K+ ions with the carbonyl groups during the 
charging/discharging process [47]. In-situ XRD characterization of 
CuHCF cathode was performed at various charged/discharged states 
between 0.1 and 2.0 V, as shown in Fig. S13 and Fig. 5b. The diffraction 
peak intensities of each crystalline plane were consistent with the as- 
synthesized sample and did not change during cycling, which indi-
cated that the CuHCF cathode maintained good crystal structure integ-
rity. However, the characteristic diffraction peak of (220) planes in the 
range of 17.5◦–18.0◦ shifted to higher degrees during the charging steps 
and returned back during the discharging steps (Fig. 5b), revealing the 
change of interplanar distances of CuHCF along with the extraction/re- 
insertion of K+ ions [48]. Ex-situ XPS analyses of the chemical bond and 
composition changes of the cathode and anode were also conducted 
(Fig. 5c–n). Fig. 5c–n show the high-resolution O 1s XPS spectra of p- 
PTCDI-EDA anode at different charged/discharged states. During the 
charging steps, the contents of C–O and C–O–K gradually increased, 
while the content of C––O gradually decreased, corresponding to the 
anionization of the carbonyl groups and the subsequent binding process 
with K+ ions [49]. Similarly, the high-resolution C 1s XPS spectra of p- 
PTCDI-EDA anode at different charged/discharged states also revealed 
consistent results (Fig. 5g–i). Fig. 5k–m exhibits the high-resolution Fe 
2p XPS spectra of CuHCF cathode at different charged/discharged states. 
During the charging steps, the content of Fe3+ gradually increased, and 
the content of Fe2+ gradually decreased, corresponding to the oxidation 
process of Fe species accompanied with the K+ de-intercalation [50]. 
The reversed changes occurred during the discharging steps (Fig. 5f, j, 
n). These results confirm that the cathode and anode active materials are 
reversible and stable in excluded-volume electrolyte during charging 
and discharging, thereby achieving ultra-long cycle life of the full 
battery. 

3. Conclusion 

In summary, we propose the introduction of amphiphilic supra-
molecule modified aqueous electrolytes with favorable excluded- 
volume effect for high voltage and long cycling AKIBs. The HBCD 
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molecule possesses large molecule size, good aqueous solubility, high 
amphipathicity, electrochemical stability, environmental benignity and 
low cost. The significant excluded-volume effect of HBCD make the so-
lute be concentrated and inhibit the solvation of charge carrier ions, 
thereby reducing the free energy and increasing the diffusion coeffi-
cient. Moreover, the abundant hydroxyl side groups of HBCD are helpful 
to form dense hydrogen bond networks with water molecules. Under the 
synergy of excluded-volume effect and hydrogen-bond networks, the 
activity of water molecules in the electrolyte is greatly reduced, which 
helps to inhibit the dissolution of active materials and broaden the 
operation voltage window to larger than 3.4 V. To verify the practicality 
of excluded-volume electrolyte, π-conjugated peryleneimide derivative 
anodes and CuHCF cathodes were adopted in full-cell AKIBs. In results, 
the as-assembled CuHCF||p-PTCDI-EDA AKIBs exhibited a high open- 
circuit voltage of 2.0 V, good rate capability (up to 30 C), wide oper-
ating temperature range (− 20 to 90 ◦C), and ultralong cycling life over 
10,000 cycles, which are very competitive among the state-of-the-art 
AKIBs. This study brings aqueous electrolytes wide electrochemical 
window, high stability and temperature endurance, thus greatly en-
riches the choice of electrolytes for high-voltage aqueous batteries to-
wards sustainable, high-safety and low-cost energy storage applications. 

4. Materials and methods 

4.1. Chemicals and materials 

The used reagents were purchased from commercial sources unless 
stated otherwise. The 3,4,9,10-tetracarboxylic dianhydride (PTCDA) 
precursor was purchased from Aladdin. The Ketjen Black were 

purchased from Lion Corp., Japan. The Toray carbon paper were pur-
chased from Sunerno Technology Co., Ltd., China. 

4.2. Preparation of 2-hydroxypropyl-β-cyclodextrin (HBCD) excluded- 
volume electrolytes) 

Firstly, HBCD–H2O co-solvents were prepared by mixing HBCD with 
deionized water at different HBCD/H2O weight ratios (0:100, 50:50, 
60:40, 70:30, and 75:25). Then, KCF3SO3 was dissolved into the as- 
prepared HBCD–H2O co-solvents at a concentration of 2.0 M. 

4.3. Synthesis of peryleneimide derivative anodic active materials 

The synthesis of perylene-3,4,9,10-tetracarboxydiimide-ethylene 
diamine copolymer (p-PTCDI-EDA) was divided into two poly-
condensation steps. Firstly, the PTCDA precursor (7.8 g, 0.02 mol) and 
equimolar ethylene diamine (1.2 g, 0.02 mol) were mixed in 1-Methyl-2- 
pyrrolidinone (NMP) and refluxed at 180 ◦C for 24 h under nitrogen 
protection. The mixture was filtrated, washed with ethanol and tetra-
hydrofuran several times, and dried in an oven at 120 ◦C overnight to 
obtain polyamic acid. Secondly, the as-obtained powder of polyamic 
acid was heated in N2 for 8 h at 300 ◦C to achieve the complete imid-
ization and meanwhile remove the residual solvent in the polymer. 

The 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) was synthe-
sized by a one-step amination reaction. Briefly, the PTCDA precursor 
(2.0 g, 0.005 mol) and ammonia (1.7 g, 0.1 mol) were dissolved in 
ethanol and refluxed at 80 ◦C for 4 h. After the reaction solution was 
cooled to room temperature, the dark red precipitate was filtrated and 
rinsed with acetic acid and diethyl ether multiple times. Then the dark 

Fig. 5. Potassium storage mechanism studies of the CuHCF||p-PTCDI-EDA AKIBs with 2.0 M KCF3SO3–75 % HBCD–25 % H2O electrolyte. (a), In-situ Raman spectra 
of p-PTCDI-EDA anode in the CuHCF||p-PTCDI-EDA AKIBs with 2.0 M KCF3SO3–75 % HBCD–25 % H2O electrolyte during the cycling processes between 0.1 and 2.0 
V. The label “c” means charging and “d” means discharging. (b), Magnified in-situ XRD patterns of CuHCF cathode in the CuHCF||p-PTCDI-EDA AKIBs with 2.0 M 
KCF3SO3–75 % HBCD–25 % H2O electrolyte at various charged/discharged states. (c–j), Ex-situ XPS spectra at O 1s (c–f) and C 1s (g–j) regions acquired from p- 
PTCDI-EDA anode at various charged/discharged states. (k–n), Ex-situ XPS spectra at Fe 2p regions acquired from CuHCF cathode at various charged/dis-
charged states. 
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red solid was dried in a vacuum oven at 60 ◦C overnight. 

4.4. Synthesis of copper hexacyanoferrate (CuHCF) cathodic active 
material 

The CuHCF cathode material was prepared by an aqueous precipi-
tation method modified from a previous report. Typically, 120 mL of 0.2 
M Cu(NO3)2 aqueous solution was added dropwise into 120 mL of 0.1 M 
K4Fe(CN)6 aqueous solution under magnetic stirring. After 6 h of stir-
ring, the precipitate was filtrated and rinsed with deionized water 
multiple times, and then dried in a vacuum oven at 60 ◦C overnight. 

4.5. Material characterizations 

Raman spectroscopy (LabRAM HY Evolution, with a laser source of 
633 nm) was conducted to analyze the Raman signals of aqueous elec-
trolytes with different HBCD contents and the active materials at 
different charged/discharged states. 1H nuclear magnetic resonance 
(NMR) spectra of aqueous electrolytes with different HBCD contents 
were recorded on a Bruker DPX spectrometer (400 MHz) in dime-
thylsulfoxide‑d6 (DMSO‑d6) with tris(trimethylsilyl)silane (TMS) as in-
ternal standard. The chemical shifts (δ) were reported in ppm with 
respect to TMS. Attenuated total-reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR, Nicolet iS50 spectrometer) was employed to 
analyze the structure features of active materials. Powder X-ray 
diffraction (XRD, Shimadzu 6000 X-ray diffractometer) analysis was 
conducted with a Cu Kα radiation source (λ = 1.54178 Å) to determine 
the crystal structures of active materials. Field-emission scanning elec-
tronic microscopy (FESEM, FEI Nova Nano-450) was employed to 
investigate the morphological variations of p-PTCDI-EDA and PTCDI. 
Nitrogen adsorption–desorption isotherms were obtained with a Quan-
tachrome Autosorb-IQ-2C analyzer at 77 K. The specific surface areas 
and pore size distributions were calculated by Brunauer-Emmett-Teller 
(BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. X-ray 
photoelectron spectroscopy (XPS, PHI-5000 VersaProbe spectrometer, 
with an Al Kα radiation source) was performed to analyze the chemical 
states of active materials during charging-discharging processes. The 
ionic conductivities of 2.0 M KCF3SO3–x HBCD–(1-x) H2O electrolytes 
were measured by a conductivity meter at 20 ◦C. The pH of 2.0 M 
KCF3SO3–x HBCD–(1-x) H2O electrolytes were measured by a pH meter 
at 20 ◦C. 

4.6. Computational details 

The molecular orbital distributions of the HOMO and LUMO of p- 
PTCDI-EDA with different polymerization degree (n = 1, 2, 3) and 
PTCDI were calculated with Gaussian 16 package at the level of DFT- 
B3LYP/6–311 + G (d, p) [51]. 

4.7. Electrochemical measurements 

The ionic conductivity of aqueous electrolytes was measured by a 
Thermo Fisher conductivity meter at 20 ◦C. Linear sweep voltammetry 
(LSV) and cyclic voltammetry (CV) tests were performed with an elec-
trochemical workstation (Shanghai Chenhua CHI-760E). To measure the 
stable voltage windows of the excluded-volume electrolytes with 
different HBCD contents, LSV analyses were carried out with a standard 
three-electrode setup with a carbon paper as the working electrode, a 
saturated Ag/AgCl electrode (0.199 V vs standard hydrogen electrode) 
as the reference electrode, and a platinum electrode as the counter 
electrode. 

Composite cathodes were fabricated by compressing CuHCF, carbon 
black and poly(vinylidene difluoride) at a weight ratio of 7:2:1 on car-
bon paper. Composite anodes were fabricated by compressing p-PTCDI- 
EDA or PTCDI, carbon black and poly(vinylidene difluoride) at a weight 
ratio of 5:4:1 on carbon paper. For the CV tests of active materials, a 

three-electrode cell setup was built with composite cathode or anode as 
the working electrode, a saturated Ag/AgCl electrode as the reference 
electrode, and a platinum electrode as the counter electrode. 

4.8. Battery tests 

For the performance tests of full-cell AKIBs, coin cells (CR2032) were 
assembled with CuHCF cathodes, p-PTCDI-EDA or PTCDI anodes, 
Whatman glass fiber separators and ~60 μL of 2.0 M KCF3SO3–75 % 
HBCD–25 % H2O electrolyte. The mass ratio of cathode/anode is ~2.2, 
the areal mass loading of the CuHCF cathode is ~2.5 mg cm− 2 and the 
areal mass loading of the p-PTCDI-EDA or PTCDI anodes is ~1.5 mg 
cm− 2. The electrochemical impedance spectroscopy (EIS) measurements 
were performed with an electrochemical workstation (Chenhua CHI- 
760E). The rate capability and long-term cycling tests of AKIBs were 
carried out using a LAND CT2001A battery test system. The operation 
temperature of the AKIBs was regulated using a sand bath or a low- 
temperature refrigerator to investigate the effects of high and low 
temperatures on the electrochemical performances of the AKIBs. 
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