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Potassium-ion batteries (KIBs) in organic electrolytes hold great promise as an
electrochemical energy storage technology owing to the abundance of potassium, close redox
potential to lithium, and similar electrochemistry with lithium system. Although carbon
materials have been studied as KIB anodes, investigations on KIB cathodes have been
scarcely reported. We for the first time report a comprehensive study on potassium Prussian
blue Ko.220Fe[Fe(CN)s]o.sos'4.01H.O nanoparticles as a potential cathode material. The
cathode exhibits a high discharge voltage of 3.1~3.4 V, high reversible capacity of 73.2 mAh
g, and great cyclability at both low and high rates with a very small capacity decay rate of
~0.09% per cycle. Electrochemical reaction mechanism analysis identifies the carbon-
coordinated Fe'"'/Fe'' couple as redox-active site and proves structural stability of the cathode
during charge/discharge. Furthermore, for the first time, we present a KIB full-cell by
coupling the nanoparticles with commercial carbon materials. The full-cell delivers a capacity
of 68.5 mAh g at 100 mA g and retains 93.4% of the capacity after 50 cycles. Considering
the low cost and material sustainability as well as the great electrochemical performances, this

work may pave the way towards more studies on KIB cathodes and trigger future attention on

rechargeable KIBs.
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1. Introduction

The rapid increase in powering portable electronic devices and vehicles has caused a
mass production of Li-ion batteries (LIBs).[!! The demand of LIBs is still growing
because power storage units for large-scale stationary applications need to supplement
irregular power generation and consumption patterns so that intermittent renewable
energies can be efficiently stored and utilized.?) However, the rising costs and
availability of global lithium resources have raised concerns about the heavy reliance
on LIBs because most easily accessible lithium reserves are in either remote or
politically sensitive areas.[* The fact that stationary applications are indispensable for
the deployment of renewable energies and low cost upon scaling up is one of the basic
prerequisites calls for alternative Earth-abundant metal-ion batteries with similar
electrochemical principles. The abundance of sodium in Earth’s crust is three orders
higher than that of lithium,/! making Na-ion batteries (NIBs) a potential candidate for
stationary applications. The redox potential of Na/Na* is -2.71 V (vs. SHE), which is
0.3 V more positive than that of Li, so there is an energy penalty to pay. NIBs have
received considerable attention recently, demonstrating encouraging capacity and cycle
life as well as rate capability.® In fact, potassium has a comparably high natural
abundance as sodiuml?l and the redox potential of K/K* (-2.92 V vs. SHE) is even
lower than that of Na/Na*, indicating a comparably low cost but even higher energy
density of K-ion batteries (KIBs). Unfortunately, very small progress has been made
on the side of KIBs so far.

KIBs came into focus very recently owing to the successful implantation of
carbonaceous materials (graphitic and non-graphiticf®!) as KIB anodes in nonagueous
electrolytes. Electrochemical insertion of K-ions into graphitic carbons was reported as
a reversible three-step phase transformation process.!%d Both graphitel®! and reduced

graphene oxidel® exhibited significantly larger capacity (typically over 200 mAh g)
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in KIBs than in NIBs. However, they suffer fast capacity fading and moderate
capability. Non-graphitic carbons, such as hard carbon microspheres, ! were found to
address this issue and exhibited improved cycle life and rate capability. Additionally,
metallic Sb has been used as KIB anode as well.[l Despite the progress made on the
anode side, study on the cathode side hasn’t followed to the same extent, presumably
due to the larger ionic radii of K-ion (Li* < Na* < K*, 0.76 < 1.02 < 1.38 A) that causes
significant restrictions for use with intercalation type electrodes. Investigations of
cathode materials of KIBs in nonaqueous electrolytes have been scarcely reported.(®
Lack of such investigations thus hinders the advancement of KIB full-cells.

Prussian blue (PB) and its analogues (PBAs) have been explored for many different
applications for decades because of their ease of synthesis and intriguing electrochemical and
magnetic properties.l’! The general chemical formula of PBASs is AxM[M’(CN)g]1-y'0y'nH20
(0 < x <2,y <1), where A represents mobile cations, M represents nitrogen-coordinated
transition metal ions, M’ represents carbon-coordinated transition metal ions (the formula
represents PB when M = M’ = Fe), and o represents [M’(CN)es] vacancy. PBAs typically
possess a face-centered cubic (fcc) crystal structure that has a three dimensional (3D) network
in which transition metal ions are linked together through cyanide (CN) ligands (Figure 1).
Each unit cell contains eight subunit cells (indicated by the red cell edges in Figure 1a) and
therefore contains eight interstitial sites that can accommodate not only neutral molecules but
ions charge-balanced by the transition ions.' Interstitial water is commonly found within the
3D network of the PBAs and have two structurally distinguishable kinds, namely zeolitic
water (1) and coordinating water (2). The former occupies the octahedral center of the
subunits and the latter chemically coordinates with the M ions because of the [M’(CN)e]
vacancy locating at the center of the unit cell (Figure 1b).*YI The 3D network, as the most
distinguish structural feature of the PBAs, provides open channels along <100> direction and

interstitial sites with the diameters of 3.2 A and 4.6 A, respectively, in the case of PB.[*2 Such
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open scaffolding leaves large cavities within, and tunnels running in three directions
throughout the roomy lattice that enables rapid solid-state diffusion of a wide variety of
intercalated ions, upon which the electrochemical properties of the PBAs can be attributed to
the redox behavior of the transition metal ions. In fact, PBAs were investigated as hosts for
alkali ions in both nonaqueous™® and aqueous electrolytes!*®! years ago and recently regained
attention from the scientific community owing to their success in NIBs. PBAs containing
different transition metal ions (Fe,* Mn,[**l Co,181 and Nil*®l) have been demonstrated as
NIB cathode materials in nonaqueous electrolytes. In aqueous electrolytes, it has been
reported that PBAs exhibited favorable electrochemical activity upon reversible insertion and
extraction of Na* and K*.°®"l To the best of our knowledge, very little concern has been
shown for PB and PBAs as KIB electrode materials in nonaqueous electrolytes. An early
work primarily showed the possibility of PB film as a KIB cathode with a mass loading only
around 80 g, but it received little attention presumably because of the extremely low
testing rate (~8.7 mA g1), an insufficiency to demonstrate the rate performance and, more
importantly, a lack of illustrating its application in an actual KIB full-cell.

In this work, we report a comprehensive study on potassium Prussian blue nanoparticles
(KPBNPs) as a low-cost KIB cathode in nonaqueous electrolytes. The KPBNPs cathode
exhibits a high discharge voltage of 3.1~3.4 V and great cycle life at both low (73.2 mAh g*
at 50 mA g*) and high rates (36.0 mAh g at 400 mA g), possessing a very small capacity
decay rate of ~0.09% per cycle. The electrochemical reaction mechanism study reveals that
the redox-active site of the KPBNPs is the carbon-coordinated Fe'''/Fe' couple. Furthermore,
for the first time, we present an operational KIB full-cell by coupling the KPBNPs with the
commercially available carbon material Super P. The full-cell delivers a capacity of 68.5 mAh
gl at 100 mA g and retains 93.4% of the capacity after 50 cycles. Considering the low cost
and material sustainability as well as the great electrochemical performances of the KPBNPs,

our work highlights the promise of PB and PBAs in the field of KIBs.
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2. Results and Discussion

2.1. Morphology and Structural Analysis

KPBNPs were synthesized by a facile precipitation method in an aqueous solution containing
KsFe(CN)e and FeCls, in which complicated operation or tedious process is not required. The
experimental details can be found in the Supporting Information. To obtain the chemical
composition, the inductively couple plasma atomic emission spectroscopy (ICP-AES) method
and elemental analysis were used to determine the mass ratios of the heavy elements, i.e. K
and Fe, and the light elements, i.e. C, N and H, respectively (Table S1). Assuming a Fe(CN)s
unit, the chemical composition of the as-prepared KPBNPs is determined to be
Ko.220Fe[Fe(CN)s]o.s05'm0.195:4.01H20, which suggests the presence of a considerable amount
of [Fe(CN)s]* vacancy. Thermogravimetric (TG) analysis shows two weight-loss events
(Figure S1): the first step occurring below 200<C corresponds to the loss of the physically
absorbed and zeolitic water, and the second step occurring above 200<C can be assigned to
the elimination of the coordinated water and the decomposition of the PB framework.[1]
The weight loss over the first step corresponds to 3.79 water molecules per formula and it is
difficult to determine the amount of the coordinated water from the second step because of the
overlap between the two occurring processes. However, by abstracting the amount of the
water determined in the first step from the total amount of the water determined in the
chemical composition, it is reasonable to estimate the amount of the coordinated water to be
0.22, which is very close to the value of the [Fe(CN)g]* vacancy per formula in the chemical
composition within the experimental error.

Figure 2a shows the X-ray diffraction (XRD) pattern of the as-prepared KPBNPs and the
standard pattern of Fes[Fe(CN)g]s (JCPDS No. 52-1907). Although there is a lack of accurate
information  on  Ko220Fe[Fe(CN)e]o.gos'D0.105°4.01H.0  compound in  the existing
crystallographic database, it can be seen that the two patterns are almost identical to each

other. By the analogy between the obtained compound and the similar PB4°! and MFe-PB (M
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= Mn, Co, and Ni) compounds,*®! we can speculate that our sample contains the structure of
PB, in which both the 3D cyanide-bridged framework and the 3D porous channel exist with
K* placing in the center of the subunits, thus supporting our calculated chemical composition.
The broadened diffraction lines reflect the small size of the particles. By using the Scherrer’s
formula on the widths of the XRD peaks, an average grain size is estimated to be 8.2 nm,
which is in agreement of the HRTEM results (Figure 2f). X-ray photoelectron spectroscopy
(XPS) provides further confirmation of the chemical composition. The survey spectrum
(Figure 2b) shows the presence of only K, Fe, C, N, and O. In the Fe 2p spectrum (Figure
2¢), the binding energies of Fe2p3/2 and Fe2pl/2 are observed at 711.8 and 724.8 eV,
respectively, which originates from the presence of Fe*. The peaks located at 707.7 and
720.7 eV can be assigned to Fe?* in the [Fe(CN)s]* unit, being consistent with literature
reported elsewhere.? Both scanning electron spectroscopy (SEM, Figure 2d) and
transmission electron spectroscopy (TEM) images (Figure 2e) reveal that the sample is
composed of the well-dispersed nanoparticles with the uniform size of 20~30 nm.
Undoubtedly, such a nanosized morphology is structurally favorable for electron and K*
transportation during the electrochemical redox reactions. The energy dispersive spectroscopy
(EDS) measurement once again demonstrates the elemental purity of the KPBNPs (inset in
Figure 2d). Furthermore, as shown in the high-resolution TEM (HRTEM) image (Figure 2f),
clear lattice fringes and a grain size of ~8 nm can be seen, where the interplanar specings of d
= 0.50, 0.36 and 0.24 nm correspond to the diffraction planes of (200), (220) and (420),

respectively. Therefore, the crystalline nature of the nanoparticles can be confirmed.

2.2. KIB Half-cell Performance
The K storage behavior of the KPBNPs is firstly tested in half-cell configuration against
metallic potassium, with working voltage window of 2.0~4.0 V (vs. K/K"). Figure 3a shows

the cyclic voltammetry (CV) curves of KPB cathode at a scan rate of 0.1 mV s, The main
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feature of the cathode is a pair of symmetric and reproducible redox peaks. During the first
scan, the anodic and cathodic peaks locate at 3.53 and 3.18 V, respectively. In the subsequent
scans, the anodic peak shifts to 3.64 V while the cathodic peak remains around 3.16 V. It is
worth nothing that the shapes and areas of the peaks remain almost unchanged during the
successive scans, suggesting a very reversible redox reaction occurring at high potential
interval, which can be assigned to the C-Fe''/Fe" couple through a reversible K*
intercalation/deintercalation mechanism (will be discussed later). The galvanostatic
charge/discharge profiles of the KPB cathode tested at current density of 50 mA g™ are shown
in Figure 3b and 3c. The electrode displayed an open-circuit voltage (OCV) of 3.0 V (Figure
3b). Two semi-plateaus can be found in Figure 3c: one locates at 3.4~3.8 V during charging
and the other locates at 3.1~3.4 V during discharging, which is in a close correspondence with
the CV results. The first charge and discharge capacities are 174.1 and 76.7 mAh g7,
respectively, resulting in the cyclel Coulombic Efficiency (CE) of 44.0%. As shown in
Figure 3d, from cycle2 to cycle50, the charge capacity gradually decreases presumably due to
the decrease of the interstitial water, while the discharge capacity remains stable, giving rise
to the gradually increased CE during cycling. The initially low and gradually increased CE are
associated with the relatively large amount of the interstitial water.?!l It is doubtful that the
interstitial water can be totally removed from the lattice. Decomposition of the residual water
during charge process would cause a low CE. With subsequent cycles, the amount of residual
water would decrease and thus the CE increases.!*8] Therefore, as will be presented later, prior
to assemble the full-cell, the KPB cathode was pre-activated by being galvanostatically cycled
in a half-cell configuration. In this case, the initially low CE in a half-cell did not affect the
full-cell energy. Nevertheless, it is worth pointing out that the charge and discharge plateaus
remain almost unchanged, indicating a low polarization at the present rate and suggesting a
high reversibility of the K™ insertion into and extraction from the 3D network as first indicated

in the CV results. The capacities of 74.5 and 73.2 mAh g are observed at cycle2 and cycle50
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(Figure 3c), respectively, corresponding to a stably reversible storage of ~0.84 mol K* per
formula. The capacities are even higher than that of the PBAs in aqueous electrolytes at a
similar rate.®178 The decay rates are calculated to be 0.036% per cycle relative to cycle2 and
0.091% per cycle relative to cyclel. Such low decay rates indicate minimum structural change
during cycling, which can be evidenced by the post-cycling characterizations. As shown in
Figure S2a, the XRD pattern tested after 50 cycles displays the original diffraction peaks as
in Figure 2a, and the decreased intensity of (200) peak is likely due to the repeated
insertion/extraction of K-ions along <100> direction. The clear lattice fringes in Figure S2c
and S2d unambiguously indicate the stability of the microscopic crystal structures during
charge/discharge. As a result, the macroscopic morphology of the nanosized particles is
preserved as shown in Figure S2b.

The rate performance of the KPB cathode is shown in Figure 4a at the currant densities
ranging from 50 to 400 mAh g*. The cathode delivers a discharge capacity of 65.0 mAh g* at
100 mA g, nearly 90% of the capacity at 50 mA g*. When the rate increases to 200, 300 and
400 mA g1, the cathode provides the capacities of 56.1, 46.1, and 36.0 mAh g, respectively.
After cycled at high rates, a capacity of 72.0 mAh g is observed when the rate is reduced
back to 50 mA g}, indicating a full recovery of the low rate capacity. The charge/discharge
profiles at different rate are shown in Figure S3. Strikingly, the KPB cathode exhibited a
great cycling stability at higher rates. As shown in Figure 4b, the capacities of 52.4 and 44.7
mAh g are retained over 150 cycles at the rate of 200 and 300 mA g2, respectively. In both
cases, the decay rate is calculated to be ~0.09% per cycle relative to cyclel, which is similar
to the decay rate at low rate (50 mA g1), demonstrating the great cyclability at different rates.
As indicated earlier, we attribute the great rate performance of the KPBNPs to their
macroscopically nanosized morphology and microsocpically 3D framework with open
channels. Combined, these two features minimize K diffusional resistance both within the

liquid electrolyte and in solid-state. To the best of our knowledge, the presented cycle life at
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low (50 mA g?) and higher rates as well as the rate capability are the first reported results of
the PB- and PBA-based KIB cathodes in nonaqueous electrolytes. Therefore, considering the
low cost and material sustainability of KPB, its high reversible capacity, excellent cycling
stability, and good rate capability make it a good candidate for electrochemical potassium

storage applications.

2.3. Electrochemical Mechanism Study

To confirm the great cyclability and redox-active site of the KPBNPs, a series of ex-situ
measurements were carried out to investigate the electrochemical reaction mechanism. Figure
5c¢ displays the XRD patterns collected at different charge/discharge states as denoted in
Figure 5a. As seen, all the patterns remain unchanged comparing with the pattern obtained
before the cycling, indicating that the K* insertion/extraction proceeds via a solid-solution
process, i.e. an intercalation mechanism is responsible for the electrochemical K storage in the
KPB cathode. Close observation reveals that the lattice parameter decreases during charging
(K* extraction, a-c), as illustrated by a shift in the position of the (200) diffraction peak to
smaller angles (Figure 5d). During discharging (d-g), the diffraction peak shifts back to the
larger angles, suggesting the increase of the lattice parameter because of the K* insertion. The
isotropic lattice reduction reaches 1.9% (10.280 to 10.082 A) during K* extraction and the
lattice expansion reaches 1.6% (10.082 to 10.246 A) during K* insertion (Figure 5e). The
volume change thus can be estimated to be up to 6.9%, which correlates with the great cycle
life as shown in Figure 3d. PB may be oxidized to Prussian yellow, containing all Fe(lll) in
Fe'''[Fe"'(CN)g], or reduced to Prussian white, containing all Fe(I1) in Fe''[Fe''(CN)s]*, upon a
flow of cations in or out of the lattice to balance the change in overall electric charge.[?!
When the amount of the intercalated cations is higher than averagely 1 cation per formula, a
phase transition from cubic to rhombohedral structure has been observed in both Lif?? and Na

system.[24231 Apalogically, the unchanged cubic structure during cycle hints that the redox-
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active site can be assigned to the C-Fe'"/Fe!' couple in our case. Therefore, we employed ex-
situ Raman spectroscopy to verify our speculation. As shown in Figure 5b, all the spectra
collected at different charge and discharge states display two major peaks locating between
2070~2160 cm™, both of which are attributed to the cyanide stretching vibration mode, v(CN),
and sensitive to the surrounding chemical environment. Cyanide coordinated to Fe'' exhibits
peaks at lower wavenumber than that coordinated to Fe'".[?4l Thus the peak at ~2080 cm™ can

be assigned to the C-coordinated high-spin Fe'' (denoted as Fe'-peak) while the one at ~2013

cm™ can be assigned to the N-coordinated low-spin Fe"' (denoted as Fe'"'-peak).l*>*! During
charging, the relative intensity of Fe'-peak to Fe'"'-peak decreases with K* extracting from the
lattice, suggesting that the redox pair of [Fe'(CN)s]*/[Fe'"'(CN)s]* is dominating the
electrochemical K* storage. Then change proceeds in an opposite manner during discharging,
further confirming the responsibility of the C-coordinated Fe for storing charge. Furthermore,
it is obvious that o(CN) shifts gradually towards higher (lower) wavenumber positions during
charging (discharging), revealing an increase (decrease) in the average valence state of Fe,
which is consistent with the K* extraction (insertion). In addition, the same trend can be found
in the ex-situ XPS measurement (Figure S4) where the intensities of the peaks related to Fe3*
2p increase during charging and decrease during discharging. Therefore, combining the
results of ex-situ XRD, Raman and XPS measurement, it can be concluded that, in our case,

the C-Fe/Fe'' couple is identified as the redox-active site and thus electrochemically

responsible for K storage.

2.4. KIB Full-cell Performance

To display the application of the KPBNPs in full-cell configuration, for the first time, we
report an operational KIB full-cell. The cell was paired using the KPBNPs as cathode and
commercial carbon black Super P as anode, the rationale behind which is that both materials

are cost-effective and materially sustainable and, as proven in the case of LIBs, the maturity
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of the commercialization has always relied on carbon-based anodes. The structural and
electrochemical characterizations of Super P in half-cell configuration are provided in Figure
S5. As aforementioned, from the practical viewpoint of battery application, it is more desired
to use a K-rich cathode to couple with a K-deficient anode in order to assemble a full-cell,
which requires potassium compensation by pre-discharge with metallic potassium.* Figure
6a shows the charge/discharge profiles of the full cell at the current density of 100 mA g
tested at 1.0~3.8 V, where semi-plateaus can be found during charging or discharging.
According to the voltage range of Super P (charge: 0.6~1.1 V; discharge: 0.2~0.6 V, Figure
S5b) and KPBNPs (Figure 3c), it is reasonable to deduce that the full cell operates at the
range of 2.6~3.2 V (charge) and 2.2~2.8 V (discharge), as indeed shown in Figure 6a. The
cell is able to light a red (working voltage: 1.9~2.2 V) and white LED (working voltage:
2.9~3.3 V) after being fully charged (Figure 6b and 6c). A discharge capacity of around 65
mAh g? is delivered and in accordance with the capacity in the step-wise rate testing at the
same current density (Figure 4a), proving the suitability of the cathode-to-anode mass ratio in
the cathode-limited configuration. The cycling performance is displayed in Figure 6d,
revealing that the full-cell is stable and retains 64.0 mAh g after 50 cycles, which is 93.4%
of the capacity of cycle2. It is worth noting that the initial CE (49.8%) of the full-cell is
relatively low (Figure 6d and S6) and it increases gradually during cycling, which is similar
to the half-cell and can be attributed to the relatively low CE of Super P during early stage of
the cycling as shown in half-cell (Figure S5c), together with the interstitial water in the
cathode. Super P was used as received without any further optimization, thus it can be
expected that the full-cell performance could be improved after optimizing the anode carbon
(e.g. porosity and nanoarchitectures). Nevertheless, our report on the first operational KIB
full-cell undoubtedly demonstrates the promise of the KPBNPs and indicates the potential of

other PBASs in KIBSs.

11



WILEY-VCH

3. Conclusion

In summary, KPBNPs were synthesized by a facile precipitation method and evaluated as
cathode materials for KIBs. The cathode exhibited high discharge voltage and great cycle life,
delivering the capacities of 73.2 and 36.0 mAh g* at the rates of 50 and 400 mA g*,
respectively, with a very small capacity decay rate of ~0.09% per cycle. Electrochemical
mechanism study revealed that the C-coordinated Fe is the active-redox site and thus
electrochemically responsible for K storage. The use of KPBNPs might give new insight into
the design of cathode materials for room-temperature KIBs. Moreover, the first successful
realization of the KIB full-cell indicates that the environmental friendliness and low cost of
the cathodic material enable PB and PBASs to be used for large-scale electrochemical energy
storage applications. We hope that our work could potentially trigger more future study on

cathode materials of KIBs and further stimulate attentions on potassium storage applications.

4. Experimental Section

Materials Synthesis: KPBNPs were synthesized by a facile precipitation method in an
aqueous solution. In a typical synthesis, KsFe(CN)s (1 mmol) was dissolved in deionized
water (160 ml) to form solution A, and FeClz (2 mmol) was dissolved in deionized water (40
ml) to form solution B. Solution B was dropwise added into solution A under stirring and
precipitation formed immediately. The mixture solution was stirred for 2 h and aged for
another 24 hours. The obtained dark blue precipitates were collected by centrifugation,
washed by water and ethanol, and dried at 80 <C in a vacuum oven for 24 h.

Materials Characterizations: X-ray diffraction (XRD) analysis was performed on a 18KW
D/MAX2500V PC diffractometer using Cu Ka (A = 1.54 A) radiation at a scanning rate of 2°
mint. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)
analysis were conducted using a Hitachi S4800 field emission scanning microscopy.

Transmission electron microscopy (TEM) analysis was performed on a JEOL 2100F
12
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transmission electron microscope. X-ray photoelectron spectra (XPS) were acquired on an
ESCALAB 250Xi with Mg Ka (hv = 1253.6 eV) as the excitation source. The binding
energies obtained in the XPS spectra analysis were corrected for specimen charging by
referencing C 1s to 284.8 eV. Raman spectra were recorded at room temperature with an
inVia Raman microscope. ICP-AES measurement was performed on a PerkinElmer Optima
7300DV ICP-AES Spectrometers. Element analysis was conducted using an Elementar vario
MICRO cube. Thermogravimetric (TG) analysis was conducted using a NETZSCH STA 409
PG/PC instrument.

Electrochemical Measurements: Electrodes were fabricated by mixing KPBNPs, Super P and
poly(vinylidenedifluoride) (PVDF) at a weight ratio of 60:30:10, then coated uniformly
(doctor-blade) on an aluminum foil with a mass loading of ~1.5 mg cm. The electrodes were
dried at 70<C under vacuum for 12 h. Electrochemical tests were carried out using a coin-cell
configuration, CR2032, which were assembled in a Na-filled glovebox with oxygen and
moisture concentrations kept below 0.1 ppm. K foil used as counter electrode was separated
from working electrode using a glass microfiber filter (Whatman, Grade GF/B). The
electrolyte was 0.8 M KPFg in an ethylene carbonate (EC)-diethyl carbonate (DEC) solution
(1:1, v:v). Cyclic voltammetry (CV, 0.1 mV s?, 2.0-4.0 V (vs. K/K")) was performed on a
VSP electrochemical workstation (Bio-Logic, France). Galvanostatic charge/discharge was
performed in a voltage range of 2.0-4.0 V on a Land CT 2001A battery testing system (Land,
China) at room temperature.

The full cell was assembled using KPB as cathode and commercial Super P as anode using
the same separator and electrolyte. The anode was fabricated in the same way as cathode. To
ensure a suitable cathode-to-anode capacity ratio for a proper cell balance, cathode-limited
configuration was chosen with a cathode-to-anode mass loading ratio of ~1.1. Galvanostatic

charge/discharge was performed in a voltage range of 1.0-3.8 V.
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Figure 1. (a) Crystal structure of PBAs. (b) Positions of interstitial water. For simplicity, only
one water molecule is shown for each kind.
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Figure 2. Structural characterizations of the KPBNPs: (a) XRD pattern; (b) XPS survey
spectrum; (c) Fe 2p XPS spectrum; (d) SEM image (inset: EDS spectrum); (e) TEM image;
() HRTEM image.
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Figure 3. Electrochemical performance of the KPBNPs/K half-cell: (a) CV curves at a scan
rate of 0.1 mV s; charge/discharge profiles of the 1st (b), 2nd and 50th cycles (c); (d) cycling
performance at a current density of 50 mA g=.
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Figure 4. Rate (a) and cycling performances (b) of the KPBNPs/K half-cell at different rates.
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Figure 5. Electrochemical mechanism study of the KPBNPs: (a) indication of different charge
and discharge states; (b) ex-situ Raman spectra at different states; (c) ex-situ XRD patterns at
different states; (d) changes of the (200) diffraction peak; (e) changes of the lattice parameter
calculated according to the (200) diffraction peak.
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Figure 6. Electrochemical performance of the KPBNPs/Super P full-cell: (a) charge-
discharge profiles at a current density of 100 mA g*; optical photographs of a red LED (b)
and white LED (c) lightened by the full-cell; (c) cycling performance at a current density of
100 mA g,
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