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We report a high-voltage aqueous full potassium-ion battery
(AFKIB) with a superconcentrated water-in-salt hydrogel electro-
lyte (WISHE). This WISHE exhibits an expanded electrochemical
stability window (ESW) of 3.0V as well as a high ionic
conductivity of 434 mScm™'. The hydrogen bonds between the
polymer network and the water phase help to further widen
the ESW over a liquid-type water-in-salt electrolyte, and prevent
liquid leakage. The assembled AFKIB exhibits a considerable
capacity of 135mAhg™ and a superior stability after
3000 cycles. This work provides a meaningful way of designing
high-voltage aqueous energy storage devices.

Recently, concerns regarding the limited reserve of fossil fuels
have stimulated the development and utilization of renewable
energy sources, and active researches are focused on energy
conversion and storage systems." Lithium-ion batteries offer
high energy densities, but they still suffer from safety issues
because of the flammable and toxic organic electrolytes.”
Aqueous electrolytes have received great attention because
they are environmentally friendly, cheap, highly ionic conduc-
tivity and inherently safe.®! However, the narrow electrochem-
ical stability window (ESW) of water (1.23 V) places a limit on
the energy density of the aqueous batteries.””

One effective method to break the ESW limit is to use
water-in-salt electrolytes (WISE). Since the report of super-
concentrated (21 m) lithium salt LiTFSI and its wide ESW, this
electrolyte and its later improved derivatives have been widely
studied and applied in high-voltage aqueous energy storage
devices.” In WISE, the water molecules strongly coordinate to
cations (Li*, Na*, K) and form solvent-sheath structures,
leading to a decrease in the activity of the water and
subsequently an expanded ESW beyond 1.23 V.**® However,
the cost and ionic conductivity can be issues for WISE with a
very high salt concentration, and there is an intrinsic limit
associated with liquid leakage.”

[a] Y.Li* Z. Zhou,” Dr. W. Deng, C. Li, X. Yuan, J. Hu, M. Zhang, Prof. H. Chen,
Prof. R. Li
School of Advanced Materials
Peking University Shenzhen Graduate School
Shenzhen, 518055, P. R. China
E-mail: liruisz@pku.edu.cn

[+

These authors contributed equally to this work

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202001509

ChemElectroChem 2021, 8, 1451-1454  Wiley Online Library

1451

Hydrogel electrolytes (HGEs) are widely used in flexible
energy storage devices because they combine the strengths of
solid and liquid electrolytes,”” and hydrogel has been proposed
as a new carrier for WISE to prevent leakage.” Nonetheless,
traditional hydrogels are mostly based on dilute solutions,
although there have been some recent reports of gel electro-
lytes with relatively high concentrations of lithium salts (<
10 molkg™")."” The ESWs of these gel electrolytes remain
narrow, which severely limit their applications in aqueous
energy storage devices. Water-in-salt hydrogel electrolyte
(WISHE) with a large number of hydroxyl, amino, and carboxyl
groups can bind water molecules and further reduce the
activity of water molecules ESW,""" thus, it could be a promising
candidate in the development of high-voltage and safe
aqueous electrolyte.?

Herein, we successfully prepared a superconcentrated
WISHE that contains 20 m potassium trifluoromethanesulfonate
(KCF5SO;) and 30 m potassium bis(fluorosulfonyl)amide (KFSI).
Such an ultrahigh concentration gel electrolyte is just like a
solid electrolyte with excellent safety and stability as well as
flexibility and high conductivity usually offered by a liquid
electrolyte. An aqueous full K-ion battery (AFKIB) comprising
KMnFe(CN)s (K-MnHCF) cathode, WISHE, and KTi,(PO,),/C (KTP/
C) anode realizes a high operating voltage of 2.8 V and an ultra-
long lifespan of 3000 charge-discharge cycles. Moreover, in the
AFKIB, the KTP/C achieves a considerable capacity of
135 mAhg™' (close to theoretical capacity) and excellent rate
capability. The operating voltage and durability of our AFKIB
are better than that of the reported AFKIBs so far.®" we
believe that the demonstrated WISHE shows a new direction for
the development of high-voltage and safe aqueous energy
storage devices.

The above WISHE was synthesized via a facile one-step-
heating process. Briefly, 20 mmol KCF;SO; and 30 mmol KFSI
were dissolved into 1.0 g deionized water to obtain a super-
concentrated WISE (H,0:K*=1.11:1 in molar ratio), then
acrylamide was added and polymerized by heating at 80°C for
30 minutes to produce the WISHE. To compare the ESWs
between the traditional aqueous electrolyte, WISEs and the
WISHE, we prepared 0.5 m K,SO,, 21 m KCF;SO;, 35 m KFSI, and
(204 30) m WISEs. As shown in Figure 1a, the ESW of the 0.5 m
K;SO, 21 m KCF;SO;, 35 m KFSI, and (20+30) m WISEs are 0.99,
247,255 and 2.77 V, respectively, by using Ti current collector
in a two-electrode system. The wide ESWs of WISEs are
attributed to the water molecules strongly coordinate to K*
ions, leading to a decrease in the activity of the water. The
sharp peak at 3561 cm™' in the Raman spectra further
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Figure 1. a) The electrochemical stability window of each electrolyte was measured by LSV between 0 V and 3.2 V by using a Ti//Ti two-electrode system at a
scan rate of 10 mVs™' and inset is the structural architecture of the WISHE. b) The Raman spectra of 1 m, 21 m KCF;SO,, 35 m KFSI, (20 +30) m WIS, and (20

+30) m K-ion WISHE in the range of 3000-4000 cm™".

demonstrates the strong solvation of K* ions as shown in
Figure 1b.°* As for the WISHE, an even wider electrochemical
stability window of 3.02V was measured. Hydrogen bonds
between the functional groups (N-H, N-H, C=0, and O-H
bonds) and water molecules as observed by Raman at 3400-
3500 cm™' are directly responsible for the expanded ESW and
preventing the leakage of WISE."®™'" And the NMR result
(Figure S2) of (20+30) m WISE is consistent with the Raman
analysis. The hydrogel polymer network will undergo a phase
separation from the internal ions under an ultra-high ion
concentration, resulting in a hierarchical framework for fast K-
ion transport.”*®*' As a result, a high ionic conductivity of
434 mScm™" (Figure S1) was measured in the WISHE with a
superconcentrated WISE loaded. Figure S3 shows the digital
image of the prepared WISHE, which is transparent with a
diameter of 15.09 mm and a thickness of 0.99 mm. Moreover,
the WISHE exhibits a superior stretchability and mechanical
strength, stretched to above 600% strain (Figure S4). The
mechanical properties attribute to the proper degree of cross-
linking by specific crosslinking agents and high content of
water.

To build a high-voltage AFKIB, Prussian Blue analogues K-
MnHCF nanocubes were adopted as the cathode and synthe-
sized via a simple modified co-precipitation method. The K-
MnHCF has a high potential plateau benefitting from the high-
spin Mn"/Mn"-N couple, and the K-rich and low vacancy enable
a theoretical specific capacity of 156 mAhg'"® The X-ray
diffraction (XRD) pattern of the K-MnHCF is shown in Figure 2a.
All diffraction peaks agree well with K-MnHCF (PDF#51-1896),
indicating high purity of the product. The morphology and
structure of K-MnHCF were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
SEM and TEM images (Figure 2b, 2c) show that the powder is
composed of uniform nanocubes with a size of about 1 um. The
high-resolution transmission electron microscopy (HRTEM) im-
age is shown in Figure 2d and the calculated lattice fringe
0.505 nm is matching well with the interplanar spacing of the
(200) planes of K-MnHCF.
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Figure 2. XRD pattern of K-MnHCF (a). SEM image (b), TEM image (c) and
HRTEM image (d) of K-MnHCF with scale bars of 500 nm, 200 nm and 10 nm,
respectively.

As for the anode candidates for aqueous K-ion batteries,
they are hard to find because the large size of the K™ cation
always induces a substantial volume change in the anode
material and causes irreversible structural degradation during
(de)intercalation. Although NASICON-type KTi,(PO,); (KTP) has a
low specific capacity and poor rate capability in previously
reported aqueous"” and nonaqueous"® system, it could be a
promising electrode material owing to its robust 3D framework
structure and appropriate K* insertion/extraction redox poten-
tial. Thus, we modified the KTP in this work by nanocrystalliza-
tion and carbon coating. As shown in Figure 3a—c, the prepared
product is very pure and it is made up of nanoparticles with a
size of about 10-30 nm, after a hydrothermal reaction and a
two-step annealing process. Larger particles size and porous
structure are on account of secondary particles about 300-
500 nm. Figure 3d shows the HRTEM image of the KTP/C and
the calculated lattice fringe 0.625 nm is corresponding to the
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A “rocking-chair” type AFKIB was assembled with the above
K-MnHCF cathode and KTP/C anode in a superconcentrated
WISHE with the mass ratio of K-MnHCF: KTP/C is 3: 2. Figure 4a
shows the long-term cycle performance of the AFKIB at a
current density of 0.1 Ag™". The initial Coulombic efficiency is
83.7% and the discharge capacity stabilizes rapidly at
~135mAhg™' (based on the anode active material,

21.5mAhg™" contributed by Ketjen Black conductive agents
3 (degred) 0 shown in Figure S6.) with a Coulombic efficiency of 94.3% after
about 10 cycles. The reversible capacity retention is 98 % after
100 cycles, indicating a high stability and reversibility. The initial
capacity loss should be associated with the formation of a solid-
electrolyte interface (SEl), which have been also observed in
other fluorine-containing WISEs.®?*® Such a high discharge
capacity of KTP/C is attributed to its unique nanostructure and
the expanded ESW allowing a deep discharge to insert more
K*. The galvanostatic charge/discharge curves of the AFKIB

Figure 3. XRD pattern of KTP/C (a). SEM image (b), TEM image (c) and HRTEM (0.1 Ag™) at different cycles are shown in Figure 4b with a low
image (d) of KTP/C with scale bars of 500 nm, 200 nm and 10 nm,

respectively.

Q

K-MnHCF

Intensity (a. u.)

No. 51-1896

O O

20

200 nm

polarization even after 100 cycles, related to the high
conductivity of the carbon layer. Excellent long-term cycling
performance of this AFKIB was achieved with a capacity
retention of 87.5% after 3000 cycles at 1.0 Ag™' (Figure 4c). As
interplanar spacing of the (012) planes. In addition, a high  shown in Figure 4d, the discharge specific capacity decreases
electronic conductivity of KTP/C results from the compact slowly as the rate increases, and the reversible capacities are
amorphous carbon layer. 134.8, 118.8, 90.9 and 70.4 mAhg™" at current densities of 0.1,
0.2, 0.5 and 1.0 Ag™', respectively, When the current density
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Figure 4. a) Long-term cycling performances of the full AKIB at a current density of 0.1 Ag™' and b) the corresponding charge/discharge curves of the full cell
from 0V to 2.8 V. ¢) Long cycle performances of the full cell at 1.0 Ag™". d) Charge/discharge curves of K-MnHCF//KTP/C full cell at various current densities
(0.1to 1.0Ag™") in a voltage range of 0 to 2.8 V (all data are based on KTP/C).
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returns to 0.1 Ag™', the discharge specific capacity recovers to
the initial 135.5 mAhg™', implying a strong structural stability
during the rapid K* (de)insertion (Figure S7). The high con-
ductivity of the WISHE and the nanostructures and large ion
channels in the K-MnHCF and KTP/C nanoparticles are also
beneficial to the outstanding rate capability.

In summary, we report an ultrahigh concentration hydrogel
electrolyte based on a superconcentrated WISE, providing an
expanded electrochemical stability window of 3.0V. This
electrolyte enables a high-voltage and durable (3000 cycles) full
aqueous potassium-ion battery. This water-in-salt hydrogel
electrolyte not only inherits its advantages of WISE but also
addresses the leakage problem. This work shares guidance for
future aqueous electrolyte designs aiming at developing high-
voltage and high-safety aqueous energy storage devices.
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