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Prussian blue analogues (PBAs) are promising electrode candidates for aqu-
eous batteries because the inevitable interstitial water is generally thought to
have little impact on battery performance. Currently, mounting researches
have focused on optimizing PBA properties by varying transition metal com-
position, but less attention has been paid to interstitial water, especially in
alkali metal-ion deficient PBAs with large cavities. Here, we employ the water-
rich Ko 0;Mn[Cr(CN)¢lo.74-4.75H,0 as the negative electrode to study the effect
of interstitial water. It is found that during de-potassiation, the electrode
undergoes dehydration, which negatively impacts kinetics, distorts structure,
and raises charging potential. A cation-self-shielding strategy involving Dihy-
droxyacetone (DHA) in the electrolyte to secure the water-rich state is then
proposed. The built 1.82 V all-Prussian blue aqueous K-ion battery delivers a
high practical specific energy of -76 Wh kg™ over 1.5 V (based on the total mass
of active materials in both electrodes). This study reveals the significance of
interstitial water on the kinetics of PBA negative electrodes and promotes the
exploration of water-containing electrodes to develop high-voltage aqueous
rechargeable batteries for energy storage applications.

Prussian blue analogs (PBAs), possessing the advantages of robust
structure, diverse physiochemical properties, sustainable synthesis
process, and good compatibility with aqueous electrolytes, are
regarded as appealing electrode candidates for aqueous
batteries' . However, traditional efforts to optimize PBA electrodes
mainly focus on modifying the crystal structure and transition

metals, while ignoring the effects of the inherent crystal water on
electrochemical behaviors®. Notably, PBAs can have abundant
crystal water occupying the large cavities, which may affect the
kinetics and thermodynamics of the electrodes and complicate
their compatibility with aqueous batteries’®. Therefore, it is sig-
nificant to explore the effects of interstitial water on the
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electrochemical behavior of PBAs in order to fully realize their
potential in aqueous batteries®°.

It has already been found that the crystal water in the electrode
framework structure plays a favorable role in aqueous batteries. For
example, the crystal water can stabilize the structure of A-birnessite
(A\MnO,-yH,0, where A represents Na*, Mg*, etc.) materials and the
hydrated PBAs can facilitate Grotthuss proton conduction during
redox reactions" . Additionally, exploring the relationship between
crystal water and electrode behavior can help to improve and enhance
deficient electrode systems in aqueous batteries that are facing a lack
of usable electrodes. Some studies have demonstrated that the crystal
water within the interlayer of disordered Kg,V1740437 and P3-
Ko.4Feo1Mng gTip 10, can improve the stability and rate performance
of these electrodes to make them compatible with aqueous
electrolytes'”. However, the effects of crystal water in PBAs with
varying amounts of interstitial water, which are the most promising
electrode candidates for aqueous alkali metal-ion batteries, are not yet
fully understood.

Among various PBA materials'®?, PBA negative electrodes with
alkali metal-ion deficiency and large cavities provide more opportu-
nities for the invasion of interstitial water, which will severely affect the
electrochemical properties. Meanwhile, the structural merits and low-
potential superiority of PBA negative electrodes offer an opportunity
for achieving high-voltage aqueous batteries with high specific
energy’®?, particularly for aqueous K-ion batteries (AKIBs), which are
commonly using traditional organic*”* and KTi,(PO4);'® with high
charging potential, low capacity, or extremely low initial Coulombic
efficiency as negative electrode materials. However, to our knowledge,
there has been no study on PBA negative electrodes in AKIBs and the
effect of their interstitial water, let alone the impact of the de-solvation
process that may arise from the small Stokes radius of solvated K*
ions**, which is worth exploring in this field.

Herein, manganese hexacyanochromate Mn[Cr(CN)¢l;-[1,-mH,0
PBA negative electrodes with large cavities were selected and purposely
synthesized with different interstitial water contents to study effects of
interstitial water, namely the water-rich Ko o;Mn[Cr(CN)¢lo74'4.75H,0
(MnHCC) and water-poor Kg o;Mn[Cr(CN)glo.74'1.89H,0 (MnHCC-D). It is
found for MnHCC negative electrodes that the capacity fading occurs
with the cycling process, and the initial single charging plateau splits
into two to keep raising the average charging potential, similar to the
initial performance of MnHCC-D, indicating the dehydration of inter-
stitial water in the structure and the deteriorated kinetics during the de-
potassiation process. To address this problem, a small molecule of
dihydroxyacetone (DHA) was deliberately added into the 21 m KCF;SO;
(21KOTF) electrolyte to impede the dehydration process. Due to the
stronger chemical coordination of K* with DHA than with H,0, the newly
formed self-shielding K'-DHA ions can alleviate the invasion of the
interstitial water into the solvation shell of K* ions, reserving the inter-
stitial water in the structure to sustain the kinetics and structural stability
of the negative electrode. The MnHCC negative electrode in the mod-
ified electrolyte demonstrates almost theoretical capacity with a main-
tained average charging potential at around -1.0 V. The built all-PBA-
based AKIBs realizes a high voltage of 1.82 V and delivers a high specific
energy of 82 Whkg™ This study reveals the significance of interstitial
water in sustaining the structural framework and facilitating charge
transportation, and successfully maintains them via the proposed
cation-self-shielding strategy, redefining the electrochemical behavior of
the water-rich PBA negative electrodes and offering a direction for the
practical application of high-voltage AKIBs.

Results

Electrochemical performance and proposed storage mechanism
The MnHCC sample was synthesized by the simple co-precipitation
method and then dried in air at room temperature. For comparison,
samples purposely dried at 100 °C are denoted as MNnHCC-D. The X-ray

diffraction (XRD) patterns of MnHCC and MnHCC-D demonstrate the
same cubic phase (space group: Fm-3m) but different crystallinities,
which is further confirmed by the refined result for MNnHCC (Supple-
mentary Figs.1and 2 and Supplementary Table 1). According to images
of the scanning electron microscopy (SEM, Supplementary Fig. 3), the
surface of MnHCC is smoother than that of MnHCC-D. The thermal
gravimetric (TG), derivative thermal gravimetric (DTG), and induc-
tively coupled plasma atomic emission spectrometry (ICP-AES) ana-
lyses are used to confirm the stoichiometric compositions of MnHCC
and MnHCC-D, which are verified as K o;Mn[Cr(CN)glo 74:4.75H,0 and
Ko.0:tMN[Cr(CN)glo.74:1.89H,0, notably, the MnHCC sample is indeed
rich in interstitial water (Supplementary Fig. 4, Supplementary
Tables 2 and 3, and related discussions).

The electrochemical properties were evaluated using three-
electrode cells with Ag/AgCl as the reference electrode. Galvanostatic
charge-discharge (GCD) curves of MnHCC are recorded in the 21IKOTF
electrolyte at a current rate of 300 mA g™ (Fig. 1a). An average reversible
capacity of 67.4 mAh g™ with symmetric charging-discharging plateaus
at the potential of -1.0V is observed, which is higher than that of
44 mAh g™ for the MnHCC-D electrode. However, along with cycling, a
new charging plateau appears at a higher potential of —0.8V, and the
capacity ratio of the higher plateau to the lower plateau keeps rising in
the following cycles. The low current rate (150 mA g7) even accelerates
the appearance of the higher charging plateau in the first cycle (Sup-
plementary Fig. 5). This phenomenon also occurs in the 21 m KFSI and
1m KOTF (1IKOTF) electrolytes (Supplementary Figs. 6-8 and related
discussion), suggesting it is independent of the K-based salt and con-
centration in the electrolytes.

The appeared high charging plateau definitely decreases the
average discharging voltage and specific energy of full cells but we are
reluctant to relate it to the phase transition since no symmetric pla-
teaus are shown in the discharging processes®?°. The ex situ XRD
results of the cycled MnHCC/-D electrodes can further support the
conception (Supplementary Fig. 9 and related discussion). Coin-
cidently, we found the GCD curve of MnHCC after cycling is similar to
that of the MnHCC-D, where the charging plateau climbs to a higher
potential and the cycled MnHCC/-D electrodes demonstrate the same
cubic phase (Supplementary Fig. 10). Based on these results, we pro-
pose a hypothesis that the gradually increased high-potential plateau
relates to the gradual loss of interstitial water in the negative electrode
skeleton, where the intercalated K ions will coordinate to the inter-
stitial water molecules and carry them out during the de-potassiation
process. Regarding the charging process, the early dehydration pro-
cess enhances the ion-diffusion barrier of the subsequent de-
potassiation process to push the latter half of the charging plateau
to a higher potential”’. However, after the fully charged process, the
remaining interstitial water molecules in MnHCC return to uniform
distribution under diffusion, and the discharging process maintains
the single plateau with less potential hysteresis than the charging
process, thus resulting in asymmetric GCD curves. Kinetic analysis
results by galvanostatic intermittent titration technique (GITT) further
demonstrate the serious potential hysteresis and the slow kinetics of
MnHCC during the charging process (Supplementary Fig. 11 and rela-
ted discussion).

To impede the dehydration process, an armor of K* needs to be
constructed to prevent the invasion of interstitial water and maintain
the water-rich environment of the MnHCC framework. Since the
solvation of K" in aqueous solution mainly arises from its interaction
with the oxygen in H,0O, we intended to introduce an additive into the
21KOTF electrolyte, which contains oxygen functional groups®, and
can preferentially occupy the solvation shell of K* to co-intercalate
into the MnHCC electrode. The stronger chemical coordination of K*
with the additive than with H,O helps repel the interstitial water
during the de-intercalation process. Given the above considerations,
several small molecules such as EG¥, glycerol’®, acetone®, glucose®,
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Fig. 1| Electrochemical performance and schematic illustration. GCD curves of
the MnHCC and MnHCC-D electrodes in the 21KOTF electrolytes at 300 mA g™ (a).
GCD curves of the MnHCC electrodes in the 21KOTF +1 m glycerol (b), 2IKOTF +
1m acetone (c), and 21IKOTF +1m DHA (21IKOTF-1DHA) (d) electrolytes at

300 mA g. The electrochemical properties were evaluated using three-electrode
cells at 27 °C, where activated carbon (AC) and Ag/AgCl served as the counter and
reference electrodes, respectively. The mass loading of the working electrodes is
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around 30 mg cm™ and the potential is not iR-corrected. e Linear sweep voltam-
metry (LSV) curves are recorded on titanium mesh at 10 mV s™ in the 21KOTF and
21KOTF-1DHA electrolytes with different shadowed areas representing different
potential ranges. f The contact angles of the 21KOTF and 21KOTF-1DHA electro-
lytes. g Schematic illustration of the discharging-charging processes of the MnHCC
electrodes in the 21KOTF and 21KOTF-1DHA electrolytes.

and DHA, which contain carbonyl, more hydroxyl or both of them,
were added to the electrolyte to occupy the solvation shell of K* and
tested GCD curves (Fig. 1b-d and Supplementary Fig. 12). Only glu-
cose and DHA, which contain both hydroxyl and carbonyl groups,
could significantly inhibit the appearance of the high-potential pla-
teau. Considering the higher weight of glucose than DHA, we finally
chose 21KOTF + 1 m DHA (21KOTF-1DHA) as the optimal electrolyte
(Supplementary Figs. 13 and 14 and related discussion), and the
GITT profiles of the electrode demonstrate negligible potential hys-
teresis during the charging-discharging processes (Supplemen-
tary Fig. 15).

To investigate the different electrochemical properties of the
21KOTF and 21KOTF-IDHA electrolytes, we measured the voltage
windows (Fig. le). The introduction of the DHA widened the voltage
window of the 21KOTF electrolyte, significantly, which is favorable to
the low operation potential of the MnHCC electrode. The formation of
the solid electrolyte interphase (SEI) arising from the decomposition of
the OTF™ anions on the negative electrode side could further alleviate
the potential hydrogen evolution reactions (HER). Meanwhile, the
increased contact angle of the 21KOTF-IDHA electrolyte could sup-
press the dissolution of MnHCC to some extent with improved elec-
trochemical stability (Fig. 1f).
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Fig. 2 | Characterizations and AIMD simulations of different electrolyte solu-
tions. a’0 and 'H NMR spectra of H,0 in different aqueous solutions. b Raman
spectra for different aqueous solutions with shadowed areas representing different
peaks. 3D snapshots of the 21KOTF (c) and 21KOTF-1DHA (e) electrolytes from
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H,0, OTF", or DHA in the 21KOTF (d) and 21KOTF-1DHA (f) electrolytes from AIMD
simulations (300 K); the insets in (d, f) are the binding energies (E,) of K*-H,O and
K*-DHA, respectively. Similar AIMD simulation results were also obtained at 500 K
(Supplementary Fig. 25).

We further measured cyclic voltammetry (CV) and in situ galva-
nostatic electrochemical impedance spectra (GEIS) with distribution of
relaxation time (DRT) analysis of the MNnHCC electrodes in the 21IKOTF
and 21KOTF-1DHA electrolytes (Supplementary Figs. 16-18 and related
discussions), which are corresponding to the above GCD curves and
GITT conclusions. Besides, the optimal 21KOTF-1DHA electrolyte also
endows an improved cycling performance (Supplementary Fig. 19),
which may arise from the maintained water-rich environment and
robust structure of the MnHCC.

Figure 1g schematically illustrates the assumed charging-disc
harging processes of the MnHCC electrodes in two electrolytes. In the
21KOTF electrolyte, the main cation species are K*-xH,O ions. During
the potassiation process, after partial de-solvation, K*-(x-y)H,O ions
intercalate into the electrode and couple with the interstitial water
molecules. Then the newly formed K*-(x-y + 2)H,0 ions de-intercalate
from the electrode structure during the de-potassiation process. The
decreased interstitial water could weaken the kinetics of the electrode
and exacerbate the cubic-structure distortion during the following
cycles. By contrast, in the 21IKOTF-1IDHA electrolyte, K* ions have
stronger chemical coordination with DHA molecules than with H,O
and the formed self-shielding K*-DHA species could co-intercalate into
the electrode. The DHA molecule may not only act as the armor of the
K" ion to prevent the invasion of the interstitial water into the solvation
shell but also sustain the electrode structure. Then the K*-DHA species
de-intercalate from the electrode during the charging process with
interstitial water remaining in the electrode structure. Therefore, the
21KOTF-1DHA electrolyte could improve the electrochemical stability
of the MnHCC electrode significantly. In addition, we synthesized the

cubic zinc hexacyanochromate (ZnHCC) sample (Supplementary
Fig. 20 and Supplementary Table 4), and GCD curves of the ZnHCC
electrodes in the 21KOTF and 21KOTF-1DHA electrolytes further verify
the dehydration problem and cation-self-shielding strategy (Supple-
mentary Fig. 21 and related discussion). The strategy also works in
diluted electrolyte (Supplementary Figs. 22 and 23 and related dis-
cussion). To verify the hypothetical mechanism, we will figure out
three questions in the following parts: (1) configurations of the primary
cation species in the two electrolytes and the function of the DHA
additive; (2) the interaction between the intercalated cations and the
interstitial water; (3) the structural changes of the electrode during the
de-/potassiation processes.

Configurations and performance of the electrolytes

To figure out the configuration of the primary cation species in the
electrolytes and the function of DHA additive, nuclear magnetic
resonance (NMR) spectroscopy was carried out to investigate the
structural environments of the ion species in different solutions, and
the results are shown in Fig. 2a and Supplementary Fig. 24. The VO
signals of H,O in 1 m DHA, 10 m, and 21 m KOTF solutions demonstrate
the lowered chemical shift from 2.64 ppm to -0.76, and -2.65 ppm,
respectively, which can be attributed to the decrease of free water.
Along with the increase in DHA concentration, the 7O signal shifts up
to —2.54 and -2.43 ppm. Similarly, the 'H peaks of H,O in 1m DHA,
10 m, and 21 m KOTF solutions shift from 4.95 ppm to 4.29, and 3.90
ppm, then move to 3.93 and 3.98 ppm in 2IKOTF +1 and 3 m DHA
solutions, respectively. These results suggest that the introduction of
DHA can weaken the solvation interaction between K* and H,0%*.
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Besides, the O signal of -OH from 1 m DHA disappears in 21KOTF +1
and 3 m DHA solutions, indicating the interaction between DHA and K*,
which supports the existence of the K*-DHA species probably exist in
the 21KOTF-1DHA electrolyte.

To further understand the function of DHA in the 21KOTF-1DHA
electrolyte, Raman spectroscopy was conducted to analyze the dif-
ferent solutions (Fig. 2b). Compared to the 10 and 21 m KOTF, the peak
of C=0 (1737 cm™) appears in the 1 m DHA solution®, but it disappears
in the 21KOTF-1DHA solution, which suggests the interaction between
C=0 and K'. Moreover, 1m DHA and 10 m KOTF show two broad
peaks at around 3209 and 3507 cm™, which can be ascribed to the
symmetric and asymmetric O-H stretching modes, respectively. How-
ever, only asymmetric O-H stretching mode is observed in the 21KOTF,
which can be attributed to the decrease of free water. When 1and 3 m
DHA were added into the 21KOTF, the peak intensity of the symmetric
O-H stretching mode is strengthened again, implying that the addition
of DHA makes the O-H stretching vibration tend to convert to states of
the low concentration solution, indicating the freedom of water is
enhanced™®. Therefore, the above NMR and Raman results certify the
interaction between DHA and K', and the DHA could weaken the
electronic density of H,O in the modified K* solvation shell.

The solvation structures of K* in the 21KOTF and 21KOTF-1DHA
are further analyzed by ab initio molecular dynamics (AIMD) simula-
tions, the simulated solvation structures and corresponding radial
distribution functions (RDFs) of K" with O-atom are shown in
Fig. 2c-f*. The primary solvation shell (PSS) of K* in the 21IKOTF
solution is composed of H,O molecules and OTF~ anions, and the bond
lengths of K-Oyaeer and K-Oor are both around 2.7 A. By contrast, the
addition of 1 m DHA leads to a conspicuous change in the PSS of K*,
where DHA coordinates with K* to form K*-DHA and the peak of K-Opja
still locates at around 2.7 A. The AIMD simulation results suggest that
the solvation structures in the 21KOTF electrolyte are mainly present in
K*-H,0, while K*-DHA species exist in the 21IKOTF-1IDHA electrolyte.
Moreover, the higher binding energy of K*-DHA than K*-H,O reveals
that K" is more favorable to interact with DHA than with H,O.

Interaction between the intercalated cations and the
interstitial water

To establish the storage mechanism of MnHCC, Fourier transform
infrared (FTIR) spectroscopy measurements were carried out to
reveal the chemical bonding inside the MnHCC electrode at different
states of charge (SOC). As shown in Fig. 3a, peaks of the interstitial
water located at around 1605 cm™ are significantly weakened during
the discharging—charging processes in the 21KOTF electrolyte®,
which likely results from the dehydration of the MnHCC electrode
due to the coordination of interstitial water with K*-H,O. By contrast,
the peak intensity of the interstitial water of the electrode remains
strong in the 21IKOTF-1DHA electrolyte after the fully charged pro-
cess (Fig. 3b) due to the self-shielding effect of the intercalated K'-
DHA. The broad peaks appearing at around 1570 cm™ could be
ascribed to the intercalated K'-DHAY. Along with the potassiation
process of the electrodes, the Mn-N=C-Cr" peaks (2157 cm™) gra-
dually become weak and the peak of Mn-N=C-Cr' bonding
(2129 cm™) appears. The charging process reverses the above pro-
cess, which suggests the redox reaction of the Cr'"" is reversible.
Notably, after 300 cycles, while the MnHCC electrodes tested in the
21KOTF/-1DHA electrolytes maintain their cubic phase, marked dis-
parities emerge in the FTIR peak intensities corresponding to inter-
stitial water content. These findings provide compelling evidence for
the efficacy of the cation-self-shielding strategy (Supplementary
Fig. 26). The ex situ X-ray photoelectron spectra (XPS) measurements
and the cryo-scanning transmission electron microscopy (cryo-
STEM) line scan of the fully discharged MnHCC electrode further
confirm the redox reaction of MnHCC and intercalation of DHA
(Supplementary Figs. 27-31 and related discussions)®**.

To quantitatively analyze the de-/potassiation processes of
MnHCC, operando electrochemical quartz crystal microbalance
(EQCM) was employed to explore the de-/intercalation charge carriers
in MnHCC. Figure 3c, e and d, f demonstrate the CV curves and the
corresponding mass changes of the MnHCC negative electrodes in the
21KOTF and 21KOTF-1DHA electrolytes during the redox processes,
respectively. Regarding the reduction process in 21KOTF, the slope of
the black dot curve was calculated to be 58 g per mole charge, which
represents that the mole weight of the average intercalation cations is
equivalent to K*-H,0. Instead, the oxidation process divides the line
into two parts with the slope of 76 and 58 g per mole charge, indicating
a mixture of K-2H,0 and K*-H,O de-intercalate from the electrode
structure. The one more captured H,O by K* is from the interstitial
water of MnHCC to a large extent, resulting in enhanced ion-diffusion
barriers of the electrode, which needs a high-potential plateau to
overcome for subsequent de-intercalation of the K*-H,O ions. In the
21KOTF-1DHA electrolyte, the mole weights of the de-/intercalation
charge carriers are almost the same, representing K*-0.SDHA, which
suggests that the interstitial water has been repelled and remains in the
electrode structure. The EQCM results further verify the above-
postulated storage mechanisms of the MnHCC electrode in the two
electrolytes.

AIMD simulations were further employed to illustrate the kinetics
of the coordination of K*-H,O and K*-DHA in the MnHCC skeletons. As
shown in Fig. 3g, the simulated structure demonstrates that after K'-
H,O enters the MnHCC electrode, the K" ion will form a saturated
solvation shell by bonding with 5 H,O molecules in the water-rich
structure (K*-5H,0). During the de-intercalation process, the charge
carriers should be K-H,O or K*-2H,O based on the above EQCM
results, thus no less than three K-O bonds tend to disconnect from K-
5H,0 ions. By contrast, K*-2DHA-3H,0 will be formed in the MnHCC
electrode during discharging process, where two K-O bonds with DHA
and three with interstitial H,O are calculated (Fig. 3h). Considering the
de-solvation effect, all the three bonded H,O molecules would remain
in the structure during the charging process, that is, the K*-DHA could
prevent the dehydration process significantly. The AIMD simulations
not only further support the results of EQCM, but also clarify the
coordination and de-solvation process of the interstitial water of
MnHCC in two different electrolytes.

AIMD simulations were also performed to investigate the migra-
tion processes of K* in the MnHCC electrode structure hosting K*-H,O
and K*-DHA. As shown in Fig. 3i, mean square displacement (MSD)
curves exhibit the diffusion coefficients of various elements in the
MnHCC electrode hosting K*-H,0. As the K* migrates, the 03, 06, 013,
and 017, which coordinate with K, also migrate significantly. However,
the 02, 012, 015, and 016, which form K-O bonds with K" initially
(Supplementary Fig. 32a), demonstrate negligible migration, which
implies the bonding and de-bonding behavior between the K" and
different interstitial water molecules during the migration process
(Supplementary Fig. 32b, c). By contrast, for the MnHCC electrode
hosting K*-DHA, we need to pay more attention to the migration
process of DHA. As shown in Fig. 3j and Supplementary Fig. 32d-f, the
O-atoms from DHA bond to K* during the whole migration process of
the K%, and the C19-21 (that comes from DHA) only engender slight
migration. The process is similar to the movement of a satellite, that is,
K* migrates around DHA. Figure 3k, lillustrates the different migration
processes. Although the diffusion coefficient of DHA is low, those of
the K" ions from K-H,O and K*-DHA are in the same order of
magnitude.

Structural evolutions of MnHCC during the de-/potassiation
processes

The in situ XRD analysis was carried out to monitor the structural
evolution of MnHCC electrode during the charging-discharging
processes in both 21KOTF and 21KOTF-1DHA electrolytes and the
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Fig. 3 | The de-/intercalation and migration of charge carriers. FTIR spectraof  hosting K*-H,O (g) and K*-DHA (h). i Mean square displacement (MSD) curves for
the MnHCC electrodes in the 21KOTF (a) and 21KOTF-1DHA (b) electrolytes at various O-atoms in the MnHCC electrode hosting K*-H,0, the inset is the average
different states of charge with different shadowed areas representing different MSD curves for K, H, O, and C elements. j MSD curves for various C-atoms in the
peaks. CV curves and the corresponding EQCM mass change profiles (top for oxi- ~ MnHCC electrode hosting K*-DHA, the inset is the average MSD curves for K, H, O,
dation and bottom for reduction) of the MnHCC electrodes in the 2IKOTF (c,d)and  and C elements. Schematic migration processes of K*-H,O (k) and K*-DHA (I) in the
21KOTF-1DHA (e, f) electrolytes at a scan rate of 1mV s™, respectively. Both CV MnHCC electrodes.
curves are of the 2nd cycle. The optimal configurations of the MnHCC electrodes
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two-dimensional (2D) contour plots and curves are shown in
Fig. 4a, b and Supplementary Fig. 33a, b, respectively. It can be seen
clearly that MnHCC undergoes a phase transition between cubic and
monoclinic phases in 21KOTF while experiencing a solid solution
process in 21IKOTF-1DHA. Note that no extra phase appears during
the high charging potential, which further verifies the high charging
plateau has nothing to do with the phase transition. Moreover, the
distortion of the cubic structure can be attributed to the intensified
electrostatic interactions between intercalated K*-H,O and elec-
trode, and the absence of interstitial water aggravates the distortion
of the cubic structure. We also conducted the ex situ XRD testing on
the fully discharged MnHCC electrode in the 21KOTF electrolyte and
fully charged MnHCC electrode in the 21IKOTF/-1DHA electrolytes to

figure out the details of the positions and the coordination envir-
onment of K and O atoms as well the percentage of the coexisting
two phases (Supplementary Figs. 34-36, Supplementary Tables 5-7,
and related discussions). On the contrary, the intercalated K*-DHA
cations could not only alleviate the de-intercalation of the inter-
stitial water but also sustain the electrode structure. The detailed
lattice parameters along the a-axis of MnHCC are examined by fit-
ting the in situ XRD data (Supplementary Fig. 33), where the
decrease of the lattice parameter of the MnHCC electrode in
21KOTF-1DHA is only about 0.039 A at the fully discharged state.
The structural evolutions of the discharged MnHCC electrodes in
21KOTF and 21KOTF-1DHA electrolytes are illustrated in Fig. 4c. The
above in situ XRD results prove that the 21KOTF-1DHA electrolyte
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KFeMnHCF-28 full cell at different current rates. The average discharging voltages
are marked with dashed lines. e Cycling performance of the MnHCC | [KFeMnHCF-
28 full cells in the 21KOTF and 21KOTF-1DHA electrolytes at 100 mA g™, The elec-

trochemical properties were evaluated using two-electrode cells at 27 °C, where the
mass loading is around 30 mg cm™ for the negative electrode and 15 mg cm™ for

the positive electrode, with equal electrode areas.

can improve the structural stability of the electrode during the
charging-discharging processes.

The valence and local structural changes of the MnHCC electrode
during the potassiation process were further investigated by using X-ray
absorption spectroscopy (XAS). As shown in Fig. 4d, the normalized Cr
K-edge X-ray absorption near-edge structure (XANES) spectra of fully
discharged electrodes in different electrolytes illustrate the reduction of
Cr'" due to the left-shift of the edges compared with the pristine
sample*. More importantly, Fourier-transform (FT) magnitudes of the
Cr K-edge extended X-ray absorption fine structure (EXAFS) spectra
were utilized to analyze the local structural changes of the electrodes
(Fig. 4e), besides we also fitted the Cr K-edge EXAFS and the corre-
sponding k-space of the pristine and the fully discharged MnHCC elec-
trodes (Supplementary Fig. 37 and Supplementary Table 8). The Cr-C
and Cr-N peaks are related to the local absence of Cr(CN)s. Compared to
the pristine electrode, the fully discharged electrode in the 21KOTF
electrolyte demonstrates different peak shapes of Cr-C and Cr-N shells, a
new peak even occurs at the left of the Cr-N peak, which suggests the
distorted local structure around Cr due to the intercalated K*-H,0".
Furthermore, the negative shift of the Cr-K signal can be attributed to
the constricted structure. However, regarding the fully discharged
electrode in the 21IKOTF-IDHA electrolyte, the peaks demonstrate nil
symmetry and position changes compared with the pristine electrode,
which indicates DHA can alleviate the distortion of the electrode
structure during the potassiation process.

All-PBA-based full AKIBs
To evaluate the practical application prospect of the MnHCC negative
electrode and 21KOTF-1DHA electrolyte, we assembled all-PBA-based

full AKIBs with the high-temperature dried Fe-substituted MnFe-based
PBA as the positive electrode (MnHCC|21KOTF-1DHA|KFeMnHCF-28).
The XRD?, ICP, and thermal gravimetric analysis (TGA) measurements
were conducted to verify the monoclinic phase of the positive elec-
trode, and the stoichiometric composition can be determined to be
K1.97Feo2Mng g[Fe(CN)¢lo.0770.38H,0 (Supplementary Figs. 38 and 39
and Supplementary Table 9). The GCD curves and cycling performance
further verify the suitability and compatibility of KFeMnHCF-28 with
an average initial reversible capacity of 132.1mAhg™ in the 21KOTF-
1DHA electrolyte (Supplementary Figs. 40 and 41, and related discus-
sions). As shown in Fig. 5a, the GCD curves of the full cell with 21IKOTF
electrolyte show a severe degeneration of the capacity, and the low-
voltage plateau also suffers a gradual decrease. By contrast, the full cell
with 21IKOTF-1IDHA electrolyte delivers improved capacity retention
and negligible degradation of the discharging plateaus (Fig. 5b, c),
which are located at around 2.1V and 1.8 V. Based on the mass of both
negative and positive electrodes, the full cell demonstrates the specific
energy of around 82 Wh kg™, more than 92% of which comes from the
voltage above 1.5V, which is among the highest specific energy at high
voltage for full AKIBs. The initial reversible capacity of 45mAhg™ is
slightly affected by the capacitive behavior of the positive electrode
side and the utilization of the discharge capacity over 1.5V is inde-
pendent of the capacitive effect below 1.5V (Supplementary Fig. 42).
Notably, the full cell can still deliver a high average discharging voltage
of 1.65V at the current rate of 1500 mA g™ (Fig. 5d). Besides, the full
AKIBs also exhibit 77% capacity retention at 100 mA g™ over 500 cycles
in the 21KOTF-1DHA electrolyte (Fig. 5e). We further compare the
electrochemical performance of the assembled full cell with the pre-
vious reported ANIBs and AKIBs>®'718213342-49 "and our full cell delivers
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Fig. 6 | Properties of electrolytes and electrochemical performance of pouch

cell at different temperatures. Polarizing microscope observation of the 2IKOTF
(a) and 21IKOTF-1DHA (b) electrolytes at different temperatures. ¢ Viscosity at dif-
ferent temperatures for the 2IKOTF and 21KOTF-1DHA electrolytes. The inset in (c)
is the digital image of the electrolytes at 10 °C. Electrochemical performance of the

MnHCC|21KOTF-1DHA|KFeMnHCF-28 pouch cell at different current rates and
temperatures from OV to 2.5 V for the GCD curves (d) and the cycling performance
(e). The inset in (e) is the digital image of the assembled pouch cell. The mass
loading is around 40 mg cm™ for the negative electrode and 20 mg cm™ for the
positive electrode, with equal electrode areas.

superior average discharging voltage and specific energy as well
capacity above 1.5V (Supplementary Fig. 43, corresponding detailed
parameters are listed in Supplementary Table 10).

Moreover, we also investigated if the modified electrolyte could
support the low-temperature operation of the batteries, and the
21KOTF-1DHA electrolyte demonstrates a lower freezing temperature
(-44 °C) than that of the 21KOTF electrolyte (=34 °C, Supplementary
Fig. 44). Notably, the in situ polarizing microscope images show that
bulk crystallization could be observed in the 21KOTF electrolyte even
above 30 °C, while the DHA additive enables to suppress the pre-
cipitation of the modified electrolyte until -30°C, which can be
attributed to the strong chemical coordination between K* and DHA
(Fig.6a, b) and correlates to the improved viscosity as well conductivity
of the 21KOTF-1DHA electrolyte at different temperatures (Fig. 6¢ and
Supplementary Fig. 45). Furthermore, the GCD and cycling perfor-
mance of a14 mAh pouch cell at different rates (100, 30, and 15 mA g™)
in a wide temperature range (-20 °C to 50 °C) was conducted in the
21KOTF-1DHA electrolyte. As shown in Fig. 6d, e, the pouch cell could
deliver a discharging capacity of around 14 mAh at 25 °C 100 mAg™)
with the average discharging voltage of 1.8 V and can still maintain the
capacity of 12 mAh at 20 °C (15 mA g™) with two discharging plateaus
at around 2 and 1.74 V. After the pouch cell operates at low tempera-
ture for 20 cycles, we increased the temperature to 25°C and 50 °C

(100 mA g™), and the two plateaus climb back to around 2.1 and 1.8V,
thus, suggesting the good stability at low temperature and the resi-
lience along with the temperature changes of the 21KOTF-IDHA
electrolyte.

Discussion

In summary, we have highlighted the significant effect of interstitial
water in improving the kinetics of PBA negative electrodes with the
developed water-rich Ko o;Mn[Cr(CN)¢lo.744.75H,O PBA negative
electrode in AKIBs as a demo. It is found that the split charging pla-
teaus originate from the dehydration process of interstitial water in the
framework structure, resulting in deteriorated kinetics and large
polarization. Comprehensive characterizations and AIMD simulations
have been employed to quantitatively track and demonstrate the
migration and de-intercalation processes of the interstitial water dur-
ing de-potassiation. The cation-self-shielding strategy is then proposed
to solve the issue by employing DHA as an indispensable electrolyte
additive to coordinate with K*. The newly formed self-shielding K*-DHA
cations could alleviate the interactions between K* and H,0, repel the
interstitial water in the structure, and maintain the average charging
potentials, stabilizing the kinetics and structure of MnHCC. Mean-
while, the investigation of ZnHCC further verifies the dehydration
problem and the cation-self-shielding strategy. Our ongoing project
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showed that interstitial water also plays a critical role in PBA positive
electrodes. As a result, the fabricated all-PBA-based MnHCC|21KOTF-
1DHA|KFeMnHCF-28 full cell delivers an impressively high average
discharging voltage of 1.82 V with around 76 Wh kg™ practical specific
energy coming from the voltage above 1.5V, which is among the
highest specific energy at high voltage for full AKIBs to date. This study
not only redefines the critical role of the interstitial water in the PBA
negative electrode to facilitate kinetics but also proposes a strategy to
develop all-PBA-based AKIBs with the majority of specific energy
maintained at the high-voltage plateaus, offering a potential avenue
for the development of rich-water-containing electrodes and high-
voltage aqueous rechargeable batteries for energy storage.

Methods

Materials synthesis

The MnHCC negative electrode was prepared by a simple co-
precipitation method. Typically, 10 mL of 0.15M manganese chloride
(MnCl,, 99%, Alfa) aqueous solution was dropped into 10 mL 0.15M
potassium hexacyanochromate (K3Cr(CN)g, 99.99%, Sigma-Aldrich)
aqueous solution and mixed for 24 h with magnetic stirring. The
solution was centrifuged, and the precipitate was washed with deio-
nized water and ethanol (>99%, Sinopharm Chemical Reagent) mixture
solvent before being dried at room temperature. Finally, the green
colored MnHCC product was obtained. For comparison, the MnHCC
sample dried at 100 °C under vacuum was also prepared. The ZnHCC
was prepared with the same process, but MnCl, was replaced by Zinc
chloride (ZnCl,, anhydrous, >98%, Alfa). The KFeMnHCF-28 positive
electrode was prepared by a similar method. About 1.267 g potassium
ferrocyanide trihydrate (K4Fe(CN)g-3H,0, 98.5%, Alfa) was added to
70 mL of deionized water (30 mL) and EG (40 mL, 99%, Alfa) mixture
solvent to form solution A. Then 0.1668 g iron sulfate heptahydrate
(FeSO4-7H,0, 99+%, Acros) and 0.4066 g manganese sulfate mono-
hydrate (MnSO4-H,0, 99+%, Acros) were added to 40 mL of deionized
water (20 mL) and EG (20 mL) mixture solvent to form solution B.
Solution B was added into solution A and mixed for 12 h with stirring.
The obtained mixture solution was centrifuged before being dried at
170 °C under vacuum. Finally, the light blue-colored KFeMnHCF-28
positive electrode material was obtained. The KFeMnHCF-19 and
KFeMnHCF-3565 could be prepared by the same method.

Electrochemical measurements

The electrodes were free-standing films, which were composed of the
active materials, carbon nanotubes (CNTs, 98%, Kerui Nano (Guang-
dong)) conducting carbon, and polytetrafluoroethylene (PTFE, 60 wt%
PTFE dispersion, Hefei Kejing Materials Technology) binder with a
mass ratio of 7:2:1. The components were mixed in a mortar and
ground for 30 min. With ethanol as a processing aid, the electrode
slurries were continuously rolled into free-standing films using a
stainless-steel rod in air at room temperature. Finally, the negative
electrodes were dried at room temperature, whereas the positive
electrodes were dried at 100 °C. The mass loading of negative and
positive electrodes are around 30 mgcm™ (7 x 7 mm?) and 15 mg cm™
(7 x7mm?), respectively, unless mentioned otherwise. We character-
ized the independent electrochemical performance of the MnHCC,
ZnHCC negative electrodes, and KFeMnHCF-28 positive electrode in
three-electrode Swagelok® cells, where either of them serve as the
working electrodes, Ag/AgCl serves as the reference electrode
(E=0.210V versus SHE, the calibration was performed by freshly
prepared saturated KCI (>99.8%, Sinopharm Chemical Reagent) solu-
tions before the three-electrode cells testing, R1038, GAOSSUNION),
and an active carbon (>99%, Fuzhou Yihuan Carbon) free-standing film
serves as the counter electrode (8 x 8 mm?).1 m KOTF (>98%, Tci), 21 m
KOTF+Xm DHA (X=0, 0.5, 1, 2, 3, >97.2%, Tci) and 21m KOTF+1m
glucose (99%, Innochem)/EG/glycerol (99.6%, Innochem)/acetone
(99+%, Acros) aqueous solutions were used as the electrolytes in this

study (-400 pL for the three-electrode cells and ~200 pL for the two-
electrode cells). For the full cells using Swagelok® cells, the mass ratio
of MNHCC: KFeMnHCF-28 is 2:1. For the pouch cell, the mass loading of
the MnHCC negative electrode and KFeMnHCF-28 positive electrode
are 40 and 20 mgcm™?, respectively. The employed separators are
glass fibers (Whatman GF/F, d =12 mm). Notably, all the KFeMnHCF-28
electrodes used in this study are consistent. The GCD measurements
were carried out using a LAND CT2001A battery tester, and the CV
tests were performed on a CHI760e electrochemical workstation. We
measured electrochemical impedance spectroscopy (EIS) with an
electrochemical workstation (IM6e Zahner). The EIS measurements
were performed in the frequency range from 1 MHz to 0.1 Hz with an
applied amplitude of 10 mV, potentiostatic signal, and 10 points per
decade during each measurement. The open-circuit voltage time
applied before carrying out the EIS measurement at the desired SOC is
10 min. DRT was conducted by the MATLAB GUI toolbox developed by
Ciucci’s research team’. All the batteries operated at 27 °C, and the
potential is not iR-corrected in the three-electrode cells, unless men-
tioned otherwise. The single electrochemical data was collected from
at least three cells. The consistent efficacy of the cation-self-shielding
strategy resulted in highly reproducible electrochemical behaviors;
therefore, statistical analysis results are not shown.

CV curves of the MnHCC electrode at various scan rates between
0 and -1.2V were conducted, and the peak currents have a linear
relationship to the square root of the scan rates (v?). This indicates
that the charging/discharging process is diffusion-controlled and the
apparent diffusion coefficient can be estimated according to the
Randles-Sevcik equation as:

ip =(2.69x10°)n*2AD" > Cu'/2 M

where i, represents the peak current, n is the number of electrons per
molecule during the reaction, A represents the effective contact area
between the electrolyte and electrode, D is the apparent diffusion
coefficient of charge carriers, and C is the concentration of charge
carriers in the electrode.

For further understanding of the kinetics during the diffusion
process of charge carriers, GITT was measured at a current rate of
300 mA g with the repeated current pulses of 60 s (discharge) and
35s (charge), and the open-circuit resting time of 15 min (discharge)
and 10 min (charge). The apparent diffusion coefficients of K*-H,O and
K*-DHA ions inside the MnHCC electrode can be calculated by the
following equation:

D= i (mB VM>2<%>2 <T<< LZ) (2)

T \ MRS AE, D
where Mg and V), are the molecular weight and molar volume of the
MnHCC electrode, mg, S, and L are the mass, the active surface area,
and the thickness of the electrode, respectively. T is the current
duration time, AE; and AEs represent different potential changes dur-

ing the current pulse and in the steady-state voltage during the step at
the plateau potential, respectively.

Material characterization

The chemical composition of the obtained negative electrode material
was confirmed by ICP-AES (Agilent 5110), and TGA (Rigaku TG/
DTAS8122). The morphology and structure were characterized by using
the SEM (Hitachi-S4800) and X'Pert Pro MPD XRD (D8 Bruker) with Cu
Ko radiation (1=1.5405 A). In situ XRD, ex situ XPS (ESCALAB 250 Xi,
ThermoFisher with Mg/Al Ka radiation), and FTIR (Nicolet FTIR Is 10)
were employed to analyze the crystal structures, electronic structures,
and chemical composition changes of the electrode during the
charging-discharging processes. Cryo-scanning transmission electron
microscopy (cryo-STEM) line scan and corresponding energy-
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dispersive X-ray spectroscopy were carried out using an aberration-
corrected microscope (JEOL JEM-ARM20O0F) under cryogenic tem-
peratures (=180 °C) at 200 kV. X-ray absorption spectroscopy was
performed on the IW1B beamline of the Beijing Synchrotron Radiation
Facility (BSRF, Beijing, China), containing XANES and EXAFS mea-
surements. The spectra were analyzed with the ATHENA program’.,
After electrodes were removed from testing cells, residual electrolyte
on electrodes is completely removed by rinsing with propylene car-
bonate (PC, >98%, Aladdin), and dimethyl carbonate (DMC, >98%,
Aladdin) thoroughly and the thick electrode films would be pressed
and rolled again. Note that KOTF has a large solubility in PC, and DMC
can facilitate the evaporation process. The chemical environment of
the electrolyte was analyzed by nuclear magnetic resonance (NMR,
Bruker DRX 500 spectrometer), and Raman (NRS-5100 spectrometer
(JASCO)). The DSC was carried out in DSC200F3, and the polarizing
microscope was characterized on Olympus BX51TRF.

EQCM experiments

Operando EQCM was performed on a QCM200 quartz crystal micro-
balance. The electrode slurry was prepared by mixing 7 mg of active
materials, 2 mg of CNTs, and 6 mg of polyvinylidene fluoride (PVdF) in
420 pL NMP, where it was dried at room temperature on the quartz
crystal disk (O100RX3, p/n 6-615 Ti/Au, 5 MHZ). The frequency change
(Af) was conducted during CV tests, and converted into the mass
change (Am) of the electrode by Sauerbrey’s equation:

A
vRoPa e _ coar

Am=———
2f%

where A is the piezoelectrical electrode area, g is the shear modulus
of quartz (2.947x10"gcm™s?), pq is the density of quartz
(2.649gcm™), fo is the fundamental resonance frequency of the
quartz, C;, Am, and Af are the sensitivity factor, mass change, and
frequency change, respectively. Cr can be obtained by calculating the
relation based on mass change and frequency between the coated
electrodes and the clean, uncoated quartz. The value of the calibration
constant used in this work is 33 ng Hz, and the exchanged molecular
weight of the ion (M,,) was calculated by the following equation:

3

_AmnF
=30

My “)

where F, n, and AQ are the Faraday constant (96,485 C mol™), valence
number of ions, and charge quantity passed through the electrode in
Coulombs, respectively.

Computation
To simulate the solvation structure of K in the 21IKOTF and 21KOTF-
1DHA solutions, two calculation models were built according to the
mol ratio among different molecules. The first model consists of 10
KOTF and 27 H,O molecules, and the second model consists of 10
KOTF, 27 H,0, and 1 DHA molecule. The initial position of each
molecule is distributed in a cubic box randomly and homogeneously. A
series of volume relaxation, in which the size of the simulation box is
isotropically scaled, is carried out to look for the lattice with the lowest
total energy. The selected lattice is determined as the initial config-
uration used for the following AIMD simulations. In this way, the lattice
lengths determined for models 1 and 2 are 14.963 and 15.198A,
respectively. The AIMD simulations for the two models were per-
formed at two temperatures, including 300 and 500 K. The pair radial
distribution function (PRDF) and the normalized radial distribution
function (g(r)) are statistically obtained from the configurations that
appeared in AIMD simulations.

To evaluate the strength of the DHA and H,O molecules to bond
with the K ion, the configuration of K*-DHA and K*-H,O is taken

from the last structure obtained from AIMD. The energy and the
charge density for both the single DHA, H,O, K* unit and the bonded
K*-DHA, K*-H,O are calculated. The binding energy of K*-DHA and
K*-H,0, as well as the charge density difference, are estimated by
using the values of the entirety to subtract the value of each
constituent part.

To simulate the local structure and the migration properties of K*
in the negative electrode, one K* ion, and 18 H,O molecules were
introduced into the MnHCC lattice. To understand the effect of the
additive, one more DHA molecule is also put into the lattice for com-
parison. The models without and with DHA molecules are in the com-
position of KMn,4[Cr(CN)gl3:18H,0 and KMn,[Cr(CN)gl5:18H,0-C303Hs,
respectively. The lattice parameters with the lowest total energy were
determined in the same way as the simulations in the KOTF solutions.
The AIMD simulations were performed on these two models at 300K,
and the K" ion diffusion was analyzed according to the MSDs.

The calculations were carried out with the Vienna ab initio simu-
lation package™. The present data were obtained with a parameterized
exchange-correlation functional according to Perdew-PBE™. The van
der Waals interaction is corrected with DFT-D3°*, For the static
energy calculations, the cutoffs for the wave function and density are
520 and 780eV, respectively. The energy convergence criterion is
107 eV. The AIMD simulations were carried out with the timestep of 1fs
for both the KOTF solutions and the K-MnHCC models. The simula-
tions lasted for 30 ps for each model by a Nose thermostat. To keep the
computational cost at a reasonable level, only the Gamma point is used
for the Brillouin zone sampling in AIMD calculations. The PRDF and
g(r) are extracted from the last 10 thousand configurations (among
20-30ps), and the MSDs are obtained from the configurations
after 10 ps.

Data availability
The data supporting the findings of this study are available within the
article and its Supplementary Information files. Source data are pro-
vided with this paper.
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