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reversible hydrated potassium ion intercalation in
aqueous electrolytet
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This work reports the synthesis of a new quasi two-dimensional layered compound, Ko 36(H20),WS,, for
aqueous potassium ion storage. Its crystal structure determined by single crystal X-ray diffraction is
composed of WS, layers and disordered hydrated K* stacking along the ¢ direction alternately. Due to
the large interlayer spacing and high conductivity, Ko 36(H>0),WS; is demonstrated to be a stable host for
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Aqueous alkali-ion rechargeable batteries attract extensive
interest towards large-scale energy storage applications, espe-
cially for smart grids." Compared with the present commer-
cialized lithium-ion batteries containing organic electrolytes,®
aqueous rechargeable batteries are more appealing in terms of
safety and cost.* Among them, the aqueous potassium ion (K)
battery (KIB) possesses several advantages. The natural abun-
dance of potassium is much higher than lithium, indicating
a lower cost.” The standard redox potential of potassium
(—2.93 Vvs. SHE) is 0.21 V lower than that of sodium (—2.72 V
vs. SHE), suggesting a higher energy density.® Moreover, the
Stokes radius (total radius of ion and bound water molecules) of
hydrated K is smaller than that of hydrated Li* or Na*, which
can facilitate K" transport in aqueous electrolytes.’

However, because the stable electrochemical window of
conventional aqueous system (1.23 V) is much narrower than
non-aqueous systems, the selection of electrode materials for
aqueous batteries is challenging. Only materials with operating
potential located between the H, and O, evolution potential are
appropriate and they should be chemically stable in H,O during
the charge/discharge process. Compared with the large
amounts of reported electrode materials for aqueous lithium
and sodium ion batteries,**>**** suitable candidates for aqueous
KIBs are rare. In recent years, Prussian blue analogues are
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reversible intercalation and de-intercalation of hydrated K* in K,SO,4 agueous solution.

widely studied as cathode materials for aqueous KIBs."*™*® These
compounds adopting open-framework structures display
decent performance due to their large interstitial sites and 3D
channels that can allow fast insertion/extraction of metal ions.
However, the studies on anode materials for aqueous KIBs are
still in an early stage. Most of the reported candidates can only
be operated in concentrated electrolyte. For example, NASICON-
type KTi,(PO,); (KTP) compound delivers a specific capacity of
53 mA h ¢! in 30 M KAc aqueous electrolyte by reversibly
intercalating K" into the interstitial positions of the NASICON
matrix but it delivers pronounced cathodic current caused by
hydrogen evolution reaction in 1 M and 10 M KAc electrolyte."”
The perylenetetracarboxylic diimide (PTCDI) can store K' in
22 M KCF;S0; aqueous electrolyte by the reversible enolation of
carbonyl groups in the structure while it would dissolve seri-
ously during cycling in 1 M KCF3SOj; electrolyte.'® The scarcity of
electrochemically active anode materials in mild electrolyte has
been one of the biggest obstacles for the further development of
aqueous KIBs.

In this communication, a new compound with typical
layered structure, Kg35(H,O),WS,, has been synthesized
successfully for aqueous K' storage. The crystal structure of
the compound has been determined by single crystal X-ray
diffraction. The structure of Ko 36(H,O0),WS, is composed of
WS, layers connected by edge-sharing distorted [WSe] octa-
hedra and interlayer hydrated K'. The electrochemical
performance of Kg 36(H,0),WS, in neutral 0.5 M K,SO, solu-
tion was studied. Benefiting from the large interlayer spacing
(9.258 A) and high conductivity (35.8 S m~"), this compound
delivers an initial discharge capacity of 40.9 mA h g~ " as anode
material of aqueous KIB. The reversible hydrated K'
intercalation/de-intercalation process in Ko 36(H>0),WS, elec-
trode is revealed by ex situ XRD, Raman spectra, XPS and TEM
investigation.
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High-quality K, 36(H,O),WS, crystal was successfully ob-
tained via two steps: ternary K,WS, crystal was synthesized by
solid state reaction at 800 °C and then oxidized in water to form
Ko.36(H20),WS, at room temperature (see experimental section
in ESIt). The crystal structure of Ko 36(H,O),WS, was deter-
mined by single crystal X-ray diffraction and its crystal data and
structure refinement details are summarized in Tables S3-S6
(ESTH).

The Ko 36(H,0),WS, compound that is isostructural to the
reported Rby 51 (H,0),WS, (ref. 19) crystallizes in the monoclinic
space group P2,/m and the cell parameters are a = 5.693 (2) A,
b = 3.2498 (1) A and ¢ = 9.410 (3) A. As shown in Fig. 1a, the
crystal structure of Ko 36(H,0),WS, is composed of WS, layers
stacking along the ¢ direction and disordered hydrated K" reside
between them. Similar to Rbg,;(H,0),WS,,* the position of
water molecules cannot be determined due to the diffuse elec-
tron density between the layers.

In the WS, layer, the W atom coordinates to six S atoms to
form a distorted [WSe] octahedron. The [WSg] octahedra con-
nected via edge sharing lead to WS, layer. Similar to 2M WS,,*®
two adjacent W atoms are associated with each other, forming
one-dimensional W zigzag chains along [010]. Because of
intercalated K* charge/radius ratio e/r < 1, the monolayer water
molecules are formed,* which expands the interlayer spacing to
9.258 A compared with that of 2H WS, (6.162 A) and 2M WS,
(5.920 A).2*?* The enlarged interlayer distance can reduce the
ion diffusion resistance and contribute to faster reaction
kinetics and lower energy barrier for K transport.?
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Fig. 1 (a) Schematic structure of Kg 36(H.O),WS,. (b) SEM image of
Ko.36(H20), WS, crystal and elements mapping of K, W and S in a single
platelet. (c) Powder XRD pattern of Kq 36(H>O),WS,. (d) Raman spectra
of Ko 36(H20),WS;, 2M WS, and 2H WS;. (e) Temperature dependence
of resistivity for Kq 36(H>0), WS, from 80 K to 300 K. (f) The comparison
of the conductivity of 2M WS, K 36(H>0), WS, and 2H WS; at 300 K.
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The SEM image and elemental mapping of the
Ky.36(H20),WS, single crystal are shown in Fig. 1b. Apparently,
the title compound displays a platelet-like morphology.
Elemental mapping results indicate the homogenous distribu-
tion of K, W, and S elements in a single platelet. The atomic
ratio of K to W determined by ICP-OES is 0.36. As depicted in
Fig. 1c, the experimental PXRD pattern matches well the
simulated one (convergence factors: R, = 7.72%, Ry, = 9.67%
and x> = 1.28), suggesting the high purity of the sample. The
PXRD measurement of the sample annealed at 100 °C under Ar
atmosphere and then sealed with vacuum tape was also con-
ducted. The diffraction peak of (001) plane shifts remarkably
from 9.55° to 11.64°, implying a reduced interlayer spacing due
to the loss of water (Fig. S1a, ESIT). In addition, TG-DSC data
confirms that the title compound will lose interlayer water
molecules around 100 °C. Because of the interference of
possible surface-adsorbed water, the estimated water content in
Ko.36(H20),WS, is determined to be 0.4 (Fig. S1b, ESI{). Raman
spectra of Ko 36(H,0),WS,, 2H WS, and 2M WS, in the range of
85-500 cm ™" are shown in Fig. 1d. Different from the two other
compounds, Ko 36(H,0),WS, is characteristics of six distinct
peaks at 129, 213, 265, 281, 298 and 401 cm ™', respectively.
Ko.36(H20),WS, is a typical semiconductor unveiled by the
temperature-resistivity curve and its resistivity can be fitted
with small polaron hopping model (SPH) and variable range
hopping model (VRH) (Fig. 1e).>*** As shown in Fig. 1f,
compared with 2H WS, (0.002 S m™ %), the superior conductivity
of Ko 36(H,0),WS, (35.8 S m™ ') and 2M WS, (106.4 S m™ ') is
beneficial to the charge transfer during intercalation/de-
intercalation reactions.

The electrochemical performance of K, 36(H,O),WS, is eval-
uated using three-electrode system at different current densities
from 0.2 to 5 A g ' (see experimental section in ESI}). As
depicted in Fig. 2a, obvious plateaus are observed in the charge/
discharge curves of K 36(H,0),WS, electrode (~0.05 V vs. Ag/
AgCl in the charge curve and ~—0.15 V vs. Ag/AgCl in the
discharge curve). Specific discharge capacities are 43.3, 30.1,
27.5, 26.5 and 25.7 mA h g~ ' at 0.2, 0.5, 1, 2 and 5 A g},
respectively. The rate performance of K, 35(H,O),WS, is obvi-
ously better than that of KTP (~18 mA h g " at 5 A g ").”" The
discharge capacity is slightly larger than the charge capacity at
0.2 A g~', which may be caused by side reactions such as
hydrogen evolution reaction occurring at a very negative
potential (—0.8 V vs. AgCl/Ag) (Fig. 2b).>* When the current
density is reduced back to 0.2 A g~', a discharge capacity of
28.9mA h g™ " could be recovered with a recovery ratio of 66.7%.
The comparison of the cycle performance between the
compound and 2H WS, at 0.5 A g~ ' is shown in Fig. 2c. 2H WS,
is not electroactive with negligible capacity delivered. In
contrast, the initial discharge capacity of K, 36(H,O),WS, can
reach 40.9 mA h ¢ " and 20 mA h g~ ' is maintained after 250
cycles. Even after 1000 cycles at 2 A g~ ", Ko.36(H20),WS, elec-
trode still can maintain 40% initial discharge capacity (Fig. S3,
ESIT). The capacity decay may be caused by the appearance of
electrochemically inactive 2H WS, after cycling (Fig. S4, ESIT).
During the first 15 cycles, the coulombic efficiency is higher
than 100%. It may also result from the phase transformation

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The galvanotactic charge/discharge curves of

Ko36(H20), WS, electrode at various current densities. (b) Rate
performance of Kg36(H>0),WS; electrode. (c) Cycling stability of
Ko.36(H20), WS, and 2H WS, electrodes at 0.5 A g~ (d) CV profiles of
Ko.36(H20), WS, electrode at various scan sweeps. (e) The fitting plots
between log(i) and log(v) at various peak currents.

from 2M WS, into 2H WS,. 2H WS, after phase change almost
cannot be inserted hydrated K* during the discharge process,
leading to that charge capacity is higher than discharge
capacity. The coulombic efficiency of the working electrode
keeps greater than 96% after 15 cycles. Apparently, the
improved capacity can be ascribed to huge interlayer spacing for
facile ion intercalation/de-intercalation and high conductivity
of Kq 36(H20),WS, for electron transport.

Cyclic voltammetry (CV) measurements at different scan
rates were carried out to investigate the kinetics of K" insertion/
extraction (Fig. 2d). In the CV curve at a scan rate of 0.5 mV s,
there are three pairs of evident oxidation/reduction peaks at
—0.151/—0.017, —0.666/—0.661 and —0.761/—0.754 V in the
electrochemical window of —0.8-0.4 V, consistent with the
charge/discharge curves. The capacity mainly comes from the
redox reaction located at —0.151/—0.017 V, which should be
ascribed to the insertion/extraction of hydrate K' (see the
discussion below). The other two pairs of oxidation/reduction
peaks at —0.666/—0.661 and —0.761/—0.754 V may be caused
by the insertion/extraction of hydrated K' at different sites
between the WS, layers.

When increasing scan rates, the oxidation and reduction
peaks of the sample move towards lower and higher potentials,
respectively. Generally, the power law relationship between
peak current i and sweep rate v can be assumed by the following
equation:”’

This journal is © The Royal Society of Chemistry 2019
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a and b are adjustable parameters and b-value determines the
type of the electrochemical process (b = 0.5 for diffusion-
controlled intercalation process; b = 1 for surface-controlled
capacitive process). As shown in Fig. 2e, the slopes of the cor-
responding log(v)-log() plots for peak 1 and peak 2 are 0.79 and
0.63, respectively, indicating that the cathodic and anodic
processes of the system are controlled by both intercalation and
capacitive reactions.

To unravel the energy storage mechanism of Ko 36(H,0),WS,
electrode, the ex situ XRD, Raman spectra and XPS measure-
ments were performed. Fig. 3b shows the XRD patterns of
Ko.36(H20),WS, electrode at different charge/discharge stages of
the second cycle (marked points in Fig. 3a). During the charging
process (from state A to E), a gradual shift of the (001) peak of
Ko.36(H0),WS, towards higher angles is observed (Fig. 3c),
which indicates the decrease of the interlayer spacing. Mean-
while, a new peak at about 14.9° emerges gradually and is
ascribed to the (200) peak of 2M WS,.** K, 36(H,0),WS, trans-
forms into 2M WS, at state E. The variation of the interlayer
distance (~3.3 A) is close to the van der Waals diameter of
hydrated K* (~3 A),>® indicating the complete extraction of
hydrated K' rather than naked K'. During the discharging
process (from state E to I), the diffractions of 2M WS, disappear
gradually and the peak belonging to Kg;6(H,O0),WS, at
approximately 9.5° shows up with the hydrated K' re-inserting
into the layers of 2M WS,, revealing a highly reversible
intercalation/de-intercalation process of Ko 36(H,O),WS, elec-
trode. Ex situ Raman spectra of K, 35(H,0),WS, electrode are
shown in Fig. 3d. During the charging process (from state A to
E), the characteristic peaks of Ko 36(H,0),WS, fade down and
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Fig. 3 (a) Charge/discharge profiles of Ko 36(H,O), WS, electrode for
the second cycle at a current density of 0.5 A g~*. Ex situ XRD and
Raman analysis were performed at A—I points. (b) Ex situ XRD patterns,
(c) magnified ex situ XRD patterns between 9-10° and (d) Raman
spectra of Kgs6(H,O),WS, electrode at various charge/discharge
stages. (e) High resolution XPS spectra of W 4f and 5p region of
Ko.36(H2O),WS;, at initial, extraction (E) and insertion state (I,
respectively.
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disappear eventually. The new peaks located in 110, 175, 239,
268, 314 and 405 cm ™' can be indexed to 2M WS,, showing the
extraction of hydrated K'.>* Among them, three prominent
peaks located in 110, 268 and 405 cm ™ * correspond to the J;, J,
and J; mode resulted from the 2a x a superstructure in the 2M
WS,, respectively.”* On the other hand, when the electrode is
discharged to —0.8 V (state I), the characteristic peaks of 2M
WS, disappear completely and only that of Ky 36(H,0),WS, can
be detected, indicating the insertion of hydrated K'. According
to the result of XPS measurement (Fig. 3e), the W 4f orbitals of
Ko.36(H,0)yWS, in initial state (fresh electrode without any
further treatment) show two main peaks at 34 eV (W 4f;,) and
31.8 eV (W 4f;,). When the electrode is charged to 0.4 V
(extraction state; state E), the binding energy of two main peaks
increase by 0.43 eV, corresponding to the extraction of hydrated
K*. Meanwhile, the trivalent W in Ko.36(H20),WS, get electrons
to convert to tetravalent W. When the electrode is discharged to
—0.8 V, the binding energy decrease to 33.8 and 31.6 eV,
respectively. The downshift of the binding energy indicates the
intercalation of more hydrated K" evidenced by EDS analysis
(insertion state (state I): the content of K increases to 0.42;
Table S2, ESIT) and the formation of more W** states. The shifts
of XPS peaks exhibit the reversible hydrated K" intercalation/de-
intercalation mechanism of K, 36(H,O),WS, electrode during
the charge/discharge process, consistent with the result of XRD
and Raman analysis.

Moreover, ex situ TEM measurements were performed on the
scratched samples of working electrodes at initial state,
extraction state and insertion state. The HRTEM images and
SAED patterns of Ko ;6(H,0),WS, at above three states are
shown in Fig. 4a-f. From initial state to extraction state, the
interlayer spacing of Ko 36(H,O),WS, is reduced from 0.926 nm
to 0.59 nm. At insertion state, the interlayer spacing goes back
to 0.930 nm due to the insertion of more hydrated K*. The SAED
patterns of K, 36(H,O),WS, electrodes at above three states
display bright diffraction spots, exhibiting that high crystal-
linity of Ko36(H,0),WS, was kept during insertion/extraction
process. At initial and insertion states, Ko 35(H>O0),WS, elec-
trodes display typical v/3a x a superstructure, which is caused

Fig. 4 The HRTEM images and SAED patterns of Kq 36(H,O), WS, at (a
and b) initial, (c and d) extraction and (e and f) insertion state,
respectively.
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by distorted [WSe] octahedra between the layers.** Meanwhile,
similar electron diffraction pattern was observed in the SAED
pattern at extraction state, suggesting the stable WS, layers
during K' insertion/extraction process. On the basis of the
above analysis, the energy storage mechanism of
Ko.36(H20),WS, was revealed to be reversible intercalation/de-
intercalation of hydrated K' in aqueous electrolyte. The
intercalation/de-intercalation reaction can be described as
follows:

Ko36(H;0),WS, < 0.36 [K(H,0),]" + WS, + 0.36 ¢~

In summary, Ko 36(H,O)yWS,, a new quasi two-dimensional
layered compound, was synthesized and its crystal structure
was determined by single crystal X-ray diffraction. The as-
prepared sample was evaluated as electrode material for
aqueous KIB for the first time. Due to the large interlayer
spacing, Ko 36(H,0),WS, can realize reversible intercalation/de-
intercalation of hydrated K' in K,SO, aqueous solution,
revealed by the ex situ XRD, Raman, XPS and TEM analysis. A
discharge capacity of 43.3 mA h g ' at 02 A g ' and
25.7mAh g ' at5 A g " was obtained and then the discharge
capacity (28.9 mA h g " at 0.2 A g ') could be recovered after
cycling at high current densities. Since few anode materials are
reported, this work should be beneficial to identifying potential
candidates in layered metal chalcogenides for aqueous
rechargeable KIBs.
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