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Oxygen Vacancy-Tailored Schottky Heterojunction Activates
Interface Dipole Amplification and Carrier Inversion for
High-Performance Potassium-lon Batteries

Yi-Yen Hsieh and Hsing-Yu Tuan*

An oxygen vacancy-tailored Schottky heterostructure composed of
polyvinylpyrrolidone-assisted Bi,Sn,0, (PVPBSO) nanocrystals and moderate
work function graphene (NWFG, WF = 4.36 eV) is designed, which in turn
intensifies the built-in voltage and interface dipole across the space charge
region (SCR), leading to the inversion of majority carriers for facilitating K*
transport/diffusion behaviors. Thorough band-alignment experiments and
interface simulations reveal the dynamics between deficient BSO and mWFG,
and how charge redistribution within the SCR leads to carrier inversion,
demonstrating the impact of different defect engineering degrees on the
amplification of Schottky junctions. The ordered transport of bipolar carriers
can boost electrons and K ions easily passing through the inner and outer
surfaces of the heterostructure. With high activity and low resistance in
electrochemical reactions, the PVPBSO/mWFG exhibits an attractive capacity
of 430 mA h g~ and a rate capability exceeding 2000 mA g=', accompanied
by minimal polarization and efficient utilization of conversion-alloying
reactions. The substantial cell capacity and high-redox plateau of
PVPBSO/mWFG//PB contribute to the practical feasibility of high-energy full
batteries, offering long-cycle retention and high-voltage output. This study
emphasizes the direct importance of interface and junction engineering in
improving the efficiency of diverse electrochemical kinetic and diffusion

the redox potential of theoretical calcula-
tion in organic solvents, however, demon-
strated that the K* /K (—2.88 V) redox couple
could exhibit lowest reduction potential like
propylene carbonate as compared to Li*/Li
(~2.79 V) and Na*/Na (~2.56 V).[' This can
lead to an attractive working window, result-
ing in sufficient energy density for KIBs in
commercial application. Surprisingly, weak
Lewis’s acidity of K ions leads to the small-
est Stokes’ radius (K*: 3.6 A, Na*: 4.6 A, and
Li*: 4.8 A) in organic solvents, which bene-
fits ionic diffusivity. In addition, K ions can
insert into the layer of graphite to form a
KCg compound, with a theoretical capacity
of 279 mA h g~!, which is compatible with
the Li-battery industry.?! Therefore, PIBs
are considered one of the most promis-
ing candidates for next-generation energy
storage. However, the low redox plateaus
and specific capacities of carbon materi-
als would result in poor energy density.

Recently, the design of conversion-type
electrodes, specifically those that incorpo-

processes for potassium-ion batteries.

1. Introduction

Potassium-ion batteries (PIBs) have emerged as an ideal alter-
native to lithium-ion batteries (LIBs) and sodium-ion batteries
(SIBs) due to its low manufacturing, material costs, the relatively
low reduction potential of potassium (~2.936 V vs the standard
hydrogen electrode), electrochemical similarity with the estab-
lished LIBs and SIBs, and potential applications for grid-scale
energy storages. Although the standard redox potential of K*/K
is in between Li*/Li (—3.040 V) and Na*/Na (—2.714 V) couples,
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rate oxides, sulfides, selenides, and phos-

phides have been found to potentially de-

liver a higher capacity and more consistent

voltage plateaus compared to traditional
carbon and alloy-based materials. However, the drawbacks
of employing conversion-type anodes in PIBs still pose vari-
ous difficulties, including severe volume variation, sluggish
kinetic diffusion, and most importantly, the irreversibility of
conversion species during the cycling process. Recent studies
have proposed versatile design strategies to minimize side
reactions and enhance the performances of PIBs, such as
networks,3] nanowires,!**! nanoparticles,l®® sheets,®] and
teardrops.['! Moreover, depending on the combination of com-
ponents and composites, promising synergistic effects between
metals, metal-chalcogenides, and semiconductors-conductors
have been achieved, owing to bond softening,'!! self-healing
features,['?l entropy configuration,!’3] stress relaxation,!!*?]
shuttle inhabitation,’®) and mechanism synergies (e.g.,
intercalation-alloying,'”"18]  conversion-alloying,['”)  multiple
conversion-transition metal?*2!l).  Although nanotechnology
and composite engineering have advanced alkali-ion Dbatter-
ies by improving their rate capability, cyclability, and struc-
tural integrity, optimizing electrochemical kinetics remains a
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challenge. Factors like extreme polarization, irreversible changes
in active materials, and substantial lattice distortion in het-
erostructures during charge and discharge cycles contribute
to these difficulties. Conventional heterointerface engineering
appears inadequate in addressing the limitations of conversion-
type materials for potassium-ion storage.l?>?3] To overcome these
issues, it is crucial to fine-tune the relationship between the band
structures of semiconductors and conductors. This process will
help create a built-in electric field and form a bipolar junction,
which will overcome the limitations and impedance in electro-
chemical kinetics. As a result, surface activity will be enhanced,
and charge transport in solid-state materials will be accelerated
by reducing diffusion barriers. However, without tuning the
ordered transfer orientation and redistribution of electrons, the
highly active materials would stuff uneven and severe redox
reactions, accompanied by structural cracking and irreversibility.
A robust active layer and simultaneously controlling the transfer
direction of electrons is necessary to prevent material destruction
and poor kinetic behaviors. Therefore, using Schottky contact
may simultaneously possess these requirements.

Establishing an efficient Schottky junction is one way to reg-
ulate carriers mobility and enhance charge transfer in energy
storages.?*®] For instance, Schottky junction between n-type
semiconductors and conductors transfers its carriers from the
conduction band minimum (CBM) to the Fermi level of the
conductor in the SCR. Utilizing Schottky heterojunctions be-
tween conductors and semiconductors to separate created carri-
ers may effectively prevent carrier recombination and enhances
surface reactivity with K*. For example, Yajima et al. controlled
the artificial interface dipole to insert a cation or anion into
SrRuO, /Nb:SrTiO, heterointerface, tuning the Schottky barrier
height beyond a broad range, thus provides a compelling toolbox
for oxide materials in a wide range of applications.!?®! Harada
et al. proposed a systematic variation of Schottky barriers in
metal/PdCo0O,/-Ga,0; junctions with an insertion layer con-
sisted of ionic Pd* and [CoO,]”, spontaneously inducing the in-
terface dipoles and increasing barrier height.””] Through mod-
ifying dangling bonds and O-containing functional groups, Lee
etal. have designed a deep Schottky-barrier CCF-M coated on Zn
foil, effectively increasing the corrosion resistance, dendrite sup-
pression, and Zn ions transport ability.?8] These studies present
effective strategies for amplifying the interface dipole between
semiconductor and conductor, as well as tuning the Schottky bar-
rier height and built-in voltage so as to amplify the Schottky ef-
fect. Therefore, the scenario to prevent side reactions during the
cycling process of PIBs is to form a heterojunction between two
materials and enhance the reversibility of K ions in the metal ox-
ide. For this purpose, n-type ternary metal oxides were chosen as
electron donors to form Schottky contacts with mWFG conduc-
tors because n-type semiconductors have higher electric conduc-
tivity, which can effectively catalyze the sp? vibration of graphene
materials,[*! enhancing the electrochemical activity of whole ma-
terials with a reduced passivating property of oxides. Notably,
due to highly dispersed electronic structures and hybridized in-
teractions of ternary ABO compound,**) CBM and valence band
maximum (VBM) edges of Bi, Sn, 0, can improve the mobility of
holes and electrons, easily enhancing the reactivity with surfac-
tants and producing the deficient surface. Therefore, choosing
these ABO compounds can effectively tune their work function
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(WF), Fermi level, bandgap, and carrier concentration via defect
engineering. Also, controlling the layered structure of graphite
is one way to tune the WF of the conductor, tailoring the n-type
deficient semiconductors.

Typically, effectively controlling the interface dipole can estab-
lish sufficient built-in voltage and Schottky barrier. To accurately
control the interface dipole using oxygen vacancies (OVs), the
most adaptable strategy involves reducing particle size and in-
creasing exposed facets to create digging bonds and unpaired
electrons. Beyond high-temperature operation, utilizing surfac-
tants to modify interface chemistry has emerged as the main ap-
proach for conducting defect engineering. The surfactantligands
are capable of forming complexes with metal cations, leading to
unsaturated coordination of surface atoms and the presence of
unpaired electrons. This results in a more negatively charged sur-
face with enhanced reactivity, which readily interacts with cations
or other materials. Schottky barrier (@) significantly influences
the performance of Schottky heterostructures, enabling a direct
estimation of barrier height by examining the intrinsic properties
of the two contacting materials in n-type semiconductors through
photoemission techniques. The Schottky junction forms in n-
type semiconducting materials when the WF of conductor is po-
sitioned within the semiconductor bandgap region and is smaller
than the WF of semiconductor. According to modification Mott-
Schottky mode for n-type semiconductor.l>1:32]

Ogp =¥~ x, +AV 1)

where ¥, y,, and AV are, respectively, WF of conductor, elec-
tron affinity (EA), and absolute value of interface dipole. Based
on this, energy level alignment can be optimized by adjusting
surface polarity and electronic properties, enabling carriers to be
more easily excited and transferred to the active surface to par-
ticipate in redox reactions during the cycling process. The ability
to intentionally adjust interface dipoles remains a relatively un-
charted avenue for metal oxides, leading to a stronger Schottky
junction in PIBs.

In this study, we design a tailored Schottky heterostruc-
ture with polyvinylpyrrolidone (PVP)-induced OVs. The Schottky
junction is amplified by the robust built-in voltage and interface
dipole between defective PVPBSO and mWFG (Scheme 1a). This
effective built-in electric field and carrier redistribution reinforce
the heterojunction effect, resulting in excellent electrochemical
kinetics and diffusion capabilities for electrons and potassium
ions. A comprehensive analysis of energy-level alignments and
calculations for both perfect and defective BSO reveals signifi-
cant differences in semiconducting properties. The absence of
high-electronegativity oxygen atoms increases unpaired electron
density and reduces the electrophilic property of the BSO sur-
face (Scheme 1b,c). Due to effective defect modulation, the am-
plified interface dipole, combined with a strong built-in voltage,
enhances the donor capability to conductors, significantly im-
proving the Schottky junction and barrier. An inversion regime
of majority carriers across the SCR occurs in oxygen vacancy-
induced BSO/mWFG (Ov-BSO/mWEFG), without electron tun-
neling phenomena (Scheme 1d,e). In contrast, inadequate band
bending/interface dipole in perfect lattice-BSO/mWFG (Perfect-
BSO/mWEFG) leads to electron tunneling and recombination,
reducing electrochemical reactivity and charge transport flux.
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Scheme 1. Schematic illustration of band alignments and working mechanism of Schottky junction with defect engineering. a) Synergistic enhancements
of electrochemical kinetics with tailored Schottky junction for interface dipole amplification. b) Energy-level diagrams of defect BSO/mWFG and Perfect-
BSO/mWFG before contacting. c) Schematic illustration of the electron transfer direction and interfacial properties of defect BSO and Perfect-BSO
contacted with mWFG. d) Scheme of Schottky junction formation with different interface dipole, band bending, built-in voltage, tunneling effect, and
Schottky barriers between defect BSO/mWFG and Perfect-BSO/mWFG. e) Influence of inversion phenomenon after Schottky heterojunction formation
in PVPBSO/mWFG and BulkBSO/mWFG. Notes: (W), Schottky barrier (®gg), built-in voltage (V,;), interface dipole (AV) of (h) PVPBSO/mWFG and

(i) BulkBSO/mWFG after contacting. ®gg, Schottky barrier; Vy;, built-in voltage; E,, vacuum level; CBM, conduction band minimum; and VBM, valence

band maximum.

Consequently, the Schottky heterostructure offers enhanced elec-
trical and ionic conductivity, as well as increased kinetic dy-
namism, accelerating electrochemical performance in PIBs.

2. Results and Discussion

2.1. Material Characterization and Simulation for Deficient
Architecture and Oxygen Vacancies

The PVP polymers can give both hydrophilic and hydrophobic
functional groups for manipulating the defect structure and in-
terface, such as donor ability of C=C and electrostatic force of
long C—C chain. The hydrophilic group can serve as an electron
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donor, stabilizing the high surface energy of BSO precursor and
partially reducing the surface atoms. The long chain of alkanes in
PVP molecules can effectively form a micelle, and it can prevent
the BSO nucleus from aggregating and further normalize the
particle size. Besides, we synthesized the non-PVP-added BSO
(nP-BSO) to compare with PVPBSO and BulkBSO in this work.
The detailed scheme, characterization, and analysis are shown in
Supporting Information (see Note S1 and Figure S1, Supporting
Information). Figure 1a shows the high-resolution transmission
electron microscopy (HRTEM) image displaying a uniform and
sub-10 nm PVPBSO synthesized from a hydrothermal synthesis,
while corresponding fast Fourier transformation (FFT) patterns
indicate the exposed facets of (010) diffracted from six crystal
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Figure 1. Characterization and DFT calculation of oxygen vacancies and corresponding impacts on BSO crystal lattice. a) HRTEM images of PVPBSO
with enlarged insets of lattice fringes and corresponding FFT patterns of (010) planes. b) HAADF-STEM image and c) magnified image of PYPBSO with
monoclinic crystal structure consisting of (Bi,O) and (SnOg) polyhedral. Bader charge analysis of d) Perfect-BSO and e) Ov-BSO (removal of one oxygen
atom) with losing or gaining electrons of Bi (blue), Sn (green), and O (yellow). f) Charge density difference of O and Sn atoms in defect site of BSO
surround by blue region (depletion) and yellow region (accumulation). g) Raman spectrum of BulkBSO and PVPBSO with h) corresponding position of
vibration modes. i,j) The variation of interaction force at SnOg¢ polyhedral site as OV formed inside BSO lattice and on exposed surface, respectively. k) EPR
spectrum of PVPBSO, BulkBSO, and BSO. |,m) PDOS simulation of Ov-BSO and Perfect-BSO, Ov-BSO/mWFG and Perfect-BSO/mWFG, respectively.

orientation of [400], [004], [—404], [~400], [00—4], and [40—4], and
it can be fitted in accordance with the monoclinic unit cell based
on Bragg’s law (Figure 1a). The d-spacing of lattice planes are
2.69, 3.08, and 3.09 A relative to (400), (004), and (40—4) facet, as
given in Figure S7 (Supporting Information). The X-ray photo-
electron spectroscopy (XPS) was used to determine the effect of
OVs and Schottky heterostructures for characterizing the bind-
ing energy (BE) changes with electron density around surface of
materials (Note S2, Supporting Information). By effectively con-
trolling and stabilizing the exposed surface with PVP surfactant,
the Sn-adjacent OV structure occurs in PVPBSO, increasing the
electron density of Sn atoms in the valence band (VB). Along
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with the abundance of valence electrons, the ionization energy
of PVPBSO is reduced, consequently lowering the binding en-
ergy of Sn. The high-angle annular dark field scanning transmis-
sion electron microscope (HAADF-STEM) images in Figure 1b,c
demonstrate the different degree of brightness between SnO,
and Bi,O unit consisted of octahedral and tetragonal sites, re-
spectively, in tandem with the brightness difference surround-
ing the metal atoms. The red dashed circles in SnO, shows the
OVs adjacent to Sn atoms, while yellow circles in Bi, O represent
the existence of oxygen atoms. Furthermore, the OVs and color
changes of PVPBSO demonstrated that the crystallographic de-
fects emerged on the surface after the surface mediation, in line
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with the previous literature using heat-treatment process in a He
atmosphere.[*3]

To get a deep insight into OVs position on the exposed sur-
face of BSO, the models of density functional theory (DFT) are
constructed to investigate the dissociation feasibility. (Note S3,
Supporting Information) Positive and negative charges in Bader
analysis of Perfect-BSO represent the gain and loss of electrons,
while the yellow, green, and blue regions are assigned as charge
variation of O, Sn, and Bi atom, respectively (Figure 1d). As an
oxygen atom gains more electrons, the interaction between metal
and oxygen becomes stronger. Focusing on O,4 (Sn—O—Sn), O,
(Bi—O—Bi), and O,; (Sn—O—Bi), the fewer charges gained by
O, indicate a weaker interaction between Sn and O at the ex-
posed surface of SnO, site. This confirms that the formation of
an OV structure through the dissociation of the Sn—O bond is
easier than that through the Bi—O bond. When the OV is formed
(Figure 1le), two Sn atoms connected to O,; would gain elec-
trons owing to charge redistribution of BSO surface with loss of
high electronegativity (EN) of O atom. The charge density differ-
ence (CDD) simulation can visually present the electron accumu-
lation (yellow region) and depletion (blue region). The intense
electrons are accumulated in the removed O, implying that the
larger electron transport would be induced as the O is removed
from the BSO molecular structure (Figure 1f). When the O is
removed from the BSO, the electrons are transferred to the Sn
atoms on both sides of the O atom. The Sn atoms, therefore,
would obtain the higher electron density, which is consistent with
XPS results. Furthermore, the signals of Raman spectrum and X-
ray diffraction (XRD) pattern of PVPBSO turn into broader and
peak intensity decreased as the crystal size decreased.**] Once
the surface vacancies are formed, an asymmetric vibration be-
havior related to deficient region elaborated that some atoms
on the surface lacked adjacent atoms with formation of dinging
bonds. According to the Bager’s rule, there is a negative correla-
tion between stretching frequencies and bond length. Because of
structural softening and strengthening, the Raman active band
would be shifted with change of polarizability. Therefore, the re-
laxation and compression of metal-oxygen bond could further
clarify the existence of OV structures. Compared to the Raman
shift of BulkBSO and previous literatures,3>3¢] normalized in-
tensity of Raman spectrum and vibration position are shown in
Figure 1gh, Figure S9 and Table S1 (Supporting Information).
The blueshift of Bi—O bending (1) and stretching (3) suggests
strengthened bonds in the Bi,O framework, while the redshift of
both Sn—O vibration modes and its nearest OV stretching due to
lattice relaxation. Meanwhile, the Bi-O stretching (4) aligned with
the O atoms in SnO, polyhedral is blueshift no matter what the
Bi atoms connect with SnO, or SnO, sites. Nevertheless, when
the nonlayered structure of BSO exposed the specific lattice facet,
the coordination of metal atoms would be different from those
inside the unit cell. Therefore, we construct two modes of defi-
cient lattice on basis of Sn-adjacent vacancies to evaluate the pos-
sible variation of bond length. Two different coordinated environ-
ments indicate that there are six and four O atoms coupled with
one Sn atom, respectively (Figure 1i,j and Figure S10, Support-
ing Information). The binding strength on Bi-adjacent covalent
bonds (Bi;—O;; and Bi;;—O0,,) is enhanced, whereas the Sn—0O
vibration modes are relaxed due to weak binding ability and Sn-
adjacent vacancy, in accordance with Raman vibration variation.
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Besides, the redshift of E, vibration mode also demonstrates that
the PVPBSO architecture would be softened due to abundant
defect sites. Both experiments and simulations testify that site-
selective OVs would be formed at Bi—O—SnO; and Sn—O0, site
rather than Bi,O site.

Electron paramagnetic resonance (EPR) spectrum can directly
collect the electron spin resonance emitted by unpaired electrons
on basis of the Zeeman effect (Note S4, Supporting Information).
The unpaired electron resonance of PVPBSO at g-value of 2.003
is much stronger than BSO and BulkBSO, confirming that more
OVs are exposed on the surface of PVPBSO (Figure 1k). The
inclusion of PVP is a crucial step in adjusting the OVs on the
PVPBSO surface, which is further emphasized by the low coor-
dination of metal ions. The partial density of states (PDOS) can
provide evidence for validating the impact of vacancies and the
Schottky heterojunction. Two valence electrons are formed with
removal of one O atom from Sn-adjacent sites, giving a strong
spin-up resonance at VB edge in Figure 1l-top. According to the
Hund’s rule, the p-orbital of each Sn atom near deficient site
could be filled with one spin-up electron, leading to half-full or-
bital with three spin-up electrons in each same level of orbital
before pairing up. The DOS intensity at VB edge indicates that
there is absence of Sn-O bond on Ov-BSO surface compared to
those on Perfect-BSO. Furthermore, the presence of OVs struc-
ture increases the DOS intensity of conduction band (CB) edge,
thus improving the driving force of electron transport through
the deficient surface.[*”) Furthermore, a defect level exists within
the bandgap of Ov-BSO, close to the CB edge, contributed by Sn
and O (inset of Figure 1l-top). This defect level reduces the en-
ergy gap and the recombination rate of electrons and holes, con-
sequently enhancing electron migration to the Fermi level of the
conductor. In contrast to Perfect-BSO, the downshift of CB edge
of Ov-BSO/mWFG elaborates a strong coupling between Ov-BSO
and mWFG due to the donor ability of defect sites (black arrow)
and abundant valence electrons (Figure 1m).

2.2. Heterostructure Characterization for Schottky Junction and
Energy Level Alignments

The WF of mWFG is 4.36 eV compared to that of tradi-
tional graphite (>4.7 eV) and few-layered graphene (<4.2 eV)
(see Note S5, Supporting Information).’®*1 The nanosized
grains of PVPBSO are well-dispersed in mWFG layers given in
Figure 2a,b. The main exposed and contact facet of PVPBSO
and mWEFG are respectively (010) and (002) crystal faces. The
Schottky interface of PVPBSO/mWEFG heterostructure can be ex-
hibited a well-contacted heterograin boundary between PVPBSO
and mWFG. The HRTEM image and FFT analysis (Figure 2c,d
and Figure S16, Supporting Information) demonstrate a clear
atom arrangement in (010) facet of PVPBSO/mWFG mono-
clinic lattice with beta angle of 125°, consistent with HRTEM
results of bare PVPBSO. In addition, the [001] orientation and
lattice fringes of mWEFG are a preferential and stable phase
to closely contact with (010) facet of PVPBSO, therefore being
used in the simulation models of Schottky heterostructure. The
detailed XPS, Raman, and TGA analysis of PVPBSO/mWFG
and BulkBSO/mWEFG are shown in Note S6 (Supporting Infor-
mation). Due to present of sp? vibration, the loss and gain of
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Figure 2. Simulations and photoemission experiments for band alignments and Schottky junction. a—c) HRTEM images and d) corresponding FFT and
iFFT analysis of PVPBSO/mWFG. e) Bader charge analysis and f) Charge density difference of Ov-BSO/mWFG. g) Electrostatic potential and related
stacking directions of Perfect-BSO/mWFG and Ov-BSO/mWFG along with enlarged h) interface barrier and i) interface dipole. j) Low kinetic energy and
k) high kinetic energy regions of UPS spectrum before contacting. ) Mott-Schottky plot of PVPBSO/mWFG and BulkBSO/mWFG. m) high KE region
of UPS spectrum after forming heterostructures. The calculated band alignments of PVPBSO/mWFG n) before and o) after contacting.

electrons in mWEFG layer would be simultaneously have been
demonstrated in Figure 2e. Consistent with Bader analysis of
Ov-BSO without heteromodel construction, the Sn atom of Ov-
BSO gains many electrons after removing an O atom. Notably,
the overall C atoms of mWFG near OVs site also obtain electrons
transferred from Ov-BSO, including the C atom on the top of
OVs site and Sn atom. To graphically observe the charge transfer
between mWFG and BSO, the CDD of BSO/mWFG are shown
in Figure 2f. Because of the lower EN of Sn than that of O, the
electron-gaining Sn atoms of Ov-BSO could serve as a donor and
much easier to contribute the electrons to mWFG than other
atoms in BSO. It is worth noting that Sn atoms of Ov-BSO have a
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large contact area with the electron cloud of mWFG on the condi-
tion of removing O atoms (red dash line). As Ov-BSO is formed,
more effective electron transfer from BSO to mWFG is induced
without a tunneling phenomenon owing to stronger Schottky ef-
fect. The detail descriptions of Perfect-BSO /mWFG simulation
are given in supporting information (Figure S17, Supporting In-
formation).

To further confirm the charge transfer behavior, an elec-
trostatic potential (ESP) analyses are performed to investigate
the interfacial interaction and built-in electric field of the
PVPBSO/mWEFG heterostructure (Figure 2g). Given the con-
sistency of nucleus positive charge, the higher potential energy
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indicates the absence of negative charges, which would mean
that there are fewer electrons in this region. The converse is
also true.[*) Thus, a high ESP indicates the relative absence of
electrons and a low ESP indicates an abundance of electrons.!*!]
The reduced electrophilicity of Ov-BSO augments electron
transfer, enabling charge redistribution across the top two layers
of the BSO surface when vacancies occur.*? It is obvious that
a large ESP difference between the BSO and mWFG in the
heterostructure, implying that there is a strong electrostatic
field and electron transfer between the mWFG and BSO. As
the Schottky heterointerface are constructed, the electrons
on BSO surface would be attracted by the high-ESP mWEG,
forming n-type Schottky heterostructure. When the electrons of
semiconductors effectively transfer to the flat band of conductor
until Fermi level of both materials are equilibrium, the BSO-
terminated WF of heterostructure would increase with decreased
electron density in accordance with the XPS data. Importantly,
interface dipoles are related to the built-in voltage, while the
Schottky barriers are corresponded to the W and Hy. The W
and Hy of Ov-BSO/mWFG (3.84 eV/1.75 A) are larger than
those of Perfect-BSO (Figure 2h). Therefore, the Ty, of Ov-BSO is
smaller than that of Perfect-BSO based on tunneling probability
equation (Note S7, Supporting Information), confirming that
the OV structures could improve the Schottky barrier and hinder
the electron tunneling. Furthermore, the simulated interface
dipole (AV) is essentially determined by the strength of the
charge transfer.*] The AV, driving force of charge transfer, is
alternately obtained through the potential difference between the
ESP of both states in the vacuum level (Figure 2i). The potential
difference of the vacuum level between two polar surfaces (AV)
in the ESP simulation, namely, interface dipole, becomes more
notable with the defect forming.**l As a result, the interlayer
coupling and Schottky junction between Ov-BSO and mWFG
are strengthened, leading to an increased transfer of electrons
from BSO to mWFG and enlargement of AV. As contacted with
mWFG, the large difference of AV between two materials leads
to strong driving force of free electrons transferred from BSO
to mWFG with the gradual presence of interface polarization
between n-type BSO and mWFG. After finishing the majority car-
rier transfer, the CDD simulation in Figure 2f displayed that the
electrons would be accumulated in mWFG layer, and the electron
depletion happened at the BSO surface. Due to the accumulation
of negative charges near the heterointerface of mWFG, there is
a nonuniform electric field, leading to interface polarization be-
tween Ov-BSO and mWEFG. After equilibration, the accumulated
electrons raise the interfacial electron concentration, enhancing
the electrochemical performance of PVPBSO/mWFG.

UPS spectra offer key evidence to ascertain the relative loca-
tions of various energy levels, helping to perform a thorough
experimental evaluation of band alignment. In low kinetic en-
ergy (KE) region (Figure 2j), the VBM edges for PVPBSO and
BulkBSO are 1.73 and 1.47 eV relative to their E, respectively.
Specifically, the presence of an OV on the BSO surface would re-
sult in a distinct O 2p band, centered at #3.0-3.5 eV.[*"] As the
defect state is close to the CBM edge, the carrier density would
increase, giving rise to an upshift of E.. Notably, the mWFG
has no bandgap due to Fermi level covered by VBM edge, there-
fore, it is a conductor. Focusing on cutoff point of high KE re-
gion (Figure 2k), the WF of PVPBSO, BulkBSO, and mWFG are
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3.50, 3.93, and 4.36 eV, respectively. The PVPBSO/mWEFG ex-
hibits the minimum energy needed to remove an electron from
a solid to the vacuum field. For the purpose of identifying n-
type semiconductor, the bandgap of the PVPBSO and BulkBSO
are estimated based on the Tauc’s plot to be 2.44 and 2.56 eV
(Figure S18a and Note S8, Supporting Information). Further-
more, the absorption edge of PVPBSO exhibits a redshift (in-
dicated by the red arrow), emphasizing the crucial role of OVs
in narrowing the bandgap (Figure S18b and Note S9, Support-
ing Information). On the basis of photospectroscopy measure-
ments and Anderson’s rule, the band diagrams are displayed in
Figure 2p and Figure S17 (Supporting Information). The EA of
semiconductors could be assigned by ESP simulation and the
distance between E,,. and CBM edge derived by the experimen-
tal results (Figure S18, Supporting Information). The EA of Ov-
BSO (¥ imulation/ X experiment = 2-43/2.79 €V) is smaller than that
of Perfect-BSO, meaning that energy required for removing an
electron from Ov-BSO is smaller than those of prefect BSO. In
addition, a smaller slope in the Mott—Schottky (MS) plot corre-
sponds to higher acceptor concentrations (N,) and built-in po-
tentials (V,;) (Figure 21 and Note S10, Supporting Information).
Hence, the significant band bending propensity and increased
electron transfer between PVPBSO and mWEFG are consistent
with the analogous trend found in V,; values derived from UPS
and UV-vis experiments.

Thereafter, different Fermi level positions of two materials
would lead to a spontaneous electron transfer as soon as they con-
tact. Type inversion of semiconductor occurs if, with an n-type
semiconductor, the density of holes in the SCR exceeds that of
the electrons.[*?] To prove this inversion regime, the band bend-
ing of inversion layer (BB,,,) of PVPBSO/mWFG are calculated
to be 0.57, which is larger than E,/2 — ¢ (Note S11, Supporting
Information). Clearly, the hole density is much higher than that
of electrons in the SCR, suggesting that the PVPBSO surface in
contact with mWFG exhibits an inverted p-type semiconducting
behavior. While a p-n junction caused by strong inversion is not
expected in this case, these hole carriers can still facilitate K-ion
transport within the interface, leading to higher ionic conductiv-
ity. As a consequence of the OV structures and inversion layer
formation on the PVPBSO surface, the interface dipole, arising
from electron density rearrangement at the Schottky interface,
is established and calculated based on the electron vacuum level
shift between mWFG and the PVPBSO/mWFG composite,[*’] in
accordance with tendency of ESP simulation. The WF of mWFG
before and after placing in contact with PVPBSO/mWFG show
the distinct trend of upshift from 4.36 to 3.79, which is larger than
those of BulkBSO/mWEG (Figure 2m). The difference in Fermi
level prompts the injection of electrons from BSO to mWFG, re-
sulting in a reduced WF of mWFG. The upshifted Fermi level
of n-type BSO, which is resulted from the OV-induced defect
state, would strengthen the electron donor ability from CB of
BSO to Fermi level of mWFG. As the electron density of CB
of BSO is reduced, the Fermi level of BSO will downshift and
eventually reach equilibrium with that of mWFG. Accordingly,
the WF of BSO and mWFG would increase and decrease, respec-
tively, which are consistent with UPS results. Moreover, the WF
of the heterostructures is determined by the influence of BSO
on the WF of mWFG, rather than the impact of mWFG on the
WF of BSO. This is ascertained through the similar shape and
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intensity of the high-KE region, as well as bandgaps relative to
the UPS and Tauc’s plot of pure mWFG (Figure S20, Supporting
Information). Consequently, a strong spontaneous built-in elec-
tric field forms between PVPBSO and mWEFG due to the lower
EA and WF resulting from the abundant OV structure and elec-
tron density. As the heterointerface polarization induced by the
behavior of electron transfer from BSO to mWFG, the density
of majority carriers (e”) of n-type BSO near SCR would be lower
than that of minority carriers (h*). According to the experimen-
tal results and calculation, the electrons transferred to mWFG
would not be tunneled back to BSO due to the significant Schot-
tky barrier between BSO and mWFG. Band alignment and as-
sociated calculations show that the substantial Schottky barrier
prevents these electrons from tunneling back to PVPBSO accord-
ing to the tunneling probability equation (Note S7, Supporting
Information). Therefore, during the initial discharge process, K
ions adsorb onto the electron-laden mWFG surface, resulting in
interface polarization from electron carrier accumulation. When
the density of majority carriers (electron) in the SCR of n-type
PVPBSO declines below that of hole carriers, p-type semiconduc-
tor attributes emerge nearby. Thus, K ions from mWFG disperse
further onto the n-type PVPBSO surface due to the high-density
hole carriers from the type-inversion layer. Based on the modi-
fied MS equation, the Schottky barrier of PVPBSO/mWFG and
BulkBSO/mWEFG is 2.14 and 1.60 eV, respectively. As depicted
in Figure 20, an upward bending of energy bands in both BSO
and an electric field pointing from BSO to mWFG persist, creat-
ing a Schottky heterostructure. The rectifying Schottky behavior
significantly contributes to a powerful driving force for electron
transfer from the CB of BSO to the Fermi level of mWFG without
electron tunneling, prompting the oriented migration and trans-
fer efficiency of electrons from BSO to mWFG. Subsequently, the
enhanced interface dipole and built-in voltage induces an inver-
sion layer, improving K-ion diffusion through the interface and
achieving a spatially optimized distribution of charged species.
In addition to interface polarization, the Schottky barrier is an
important factor to reducing the probability of electron tunnel-
ing and maintaining the polar surfaces. The synergy of interface
polarization and Schottky barrier can effectively promote an in-
version layer of n-type BSO based on the related equation, facil-
itating the K ion transportation through the heterointerface and
achieving a spatially optimized distribution of charged species.
(Note S12, Supporting Information)

2.3. Electrochemical Performances and Impacts of Schottky
Heterostructures on PIBs

The electrochemical behaviors of the PVPBSO/mWFG electrode
were investigated in Figure 3. As cycled at a low current density
of 50 mA g! after 200 times, the PVPBSO/mWFG delivers a
reversible capacity of #430 mA h g™!, being beneficial with better
reactivity and reversibility induced by effective charge redistri-
bution. Conversely, the progressively decay and sub-400 mA h
g~! capacities of BulkBSO, BulkBSO/mWFG, nP-BSO, and nP-
BSO/mWEFG are given in Figure 3a. Notably, the effective Schot-
tky heterojunction enhances uniform charge distribution, fur-
ther improving the adsorption, insertion, and diffusion capabili-
ties of K ions surrounding the conductive surface and inside the
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active space of BSO. To testify the improvement of electrochem-
ical kinetics, the galvanostatic discharge—charge curves and en-
larged voltage profiles are shown in Figure 3b—d, respectively. Ini-
tial K-ion adsorption and surface insertion occur above 1.5 V (yel-
low frame). The overpotential of the initial surface reaction and
the flat slope of the plateau indicate that the activation barrier for
the starting reduction reaction on the PVPBSO/mWFG surface
is smaller than those on BulkBSO/mWFG and nP-BSO/mWFG.
This suggests a uniform growth of the solid—electrolyte interface
(SEI) layer with low polarization. In comparison to other ma-
terials without nanoengineering and vacancy engineering, the
overpotentials of PVPBSO are smaller than nP-BSO and larger
than BulkBSO. Owing to the reduced reactive area and inner sur-
face of BulkBSO, the SEI layer growth on BulkBSO contributes a
capacity of only 2 mA h g~!. Although PVPBSO exhibits a lower
overpotential than nP-BSO, its abundant surface area resultsin a
prolonged reaction plateau for SEI growth with decreased initial
coulombic efficiency (ICE = 60.6%). It's worth noting that a ro-
bust and uniform SEI film can reduce polarization, display a high
discharge plateau, maintain cycling stability, and further prevent
deformation/reformation of the SEI layer.*8*] As the discharge
ranges from 1.0 to 0.5 V (purple frame), PVPBSO/mWFG
demonstrates great utilization of conversion-reaction species,
delivering higher capacity with reduced side reactions compared
to Schottky-free PVPBSO. The higher the energy barrier, the
more challenging it becomes for a redox reaction to take place.
Clearly, the conversion and alloying reactions of BulkBSO and
BulkBSO/mWFG occur under the largest activation barrier and
severe polarization (blue frame). Furthermore, to analyze elec-
trochemical oxidation, the original voltage profiles are displayed
in green and pink frames. Apart from the increased overpotential
of BulkBSO, similar oxidation overpotentials of other materials
are assigned in the green frame. While charging to 3.0 V (pink
frame), the polarized curves of BulkBSO and BulkBSO/mWFG
limit capacity performance due to the absence of interface and
heterojunction engineering, thus inducing initial capacities with
insufficient Schottky barriers and even ohmic junctions.

Upon pairing nP-BSO and BulkBSO with mWEFG, their per-
formance during the first cycle is negatively impacted compared
to the pristine materials, as they display a reduced capacity
relative to the original materials. However, PVPBSO/mWFG
contributes a wide plateau and low polarization conditions,
benefiting from enhanced electrochemical kinetics and better
charge transport. Effective and controllable charge transfer
helps reduce polarization caused by changes in electrochemical
resistance and overpotentials. To verify cyclability and capacity
retention with the impact of deficient structure and sufficient
Schottky heterojunction, long-term cycling performances are
shown in Figure 3e. After 1000 cycles at a current density of
500 mA h g™', only PVPBSO/mWFG retains its specific capacity
over 200 mA h g™! with a retention ratio of 81.4%. Notably,
without suitable surface design, the Schottky junction and
acquired p-type semiconducting property cannot be effectively
inspired with transfer-expedited behaviors of both types of
carriers. In other words, having an oriented transport path can
facilitate electron redistribution and K-ion diffusion within the
host material, thereby improving ionic/electric conductivity. As
a result, both PVPBSO and BulkBSO/mWFG, with Schottky-
free and weak Schottky contacts respectively, cannot stabilize
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(HCC) with other materials in this work.

ordered charge transfer and subsequent redox reactions. In
addition, both BulkBSO (orange line) and nP-BSO (light gray
line) demonstrate poor retention after 144 and 386 cycles,
respectively. Despite being coupled with mWFG, these two
materials only slightly improve cyclability, reaching 650 (dark
cyan line) and 447 cycles (violet line), but with poor capacity
contributions lower than 250 mA h g=! (blue dashed line). As
expected, the reversibility and reactivity of conversion-alloying
products in PVPBSO/mWEFG are superior to other materials in
this work at subsequent cycles, illustrating the importance of
constructing a well-tuned Schottky junction along with vacancy-
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mediated EA and interface dipole. There are activation states for
PVPBSO/mWEFG and nP-BSO/mWFG at the 150th and 300th cy-
cles, respectively, suggesting effective Schottky heterojunctions
coupled with an inversion layer. Due to the enhanced transfer
ability of both electrons and ions, the materials gradually activate
as the current density increases from 50 to 500 mA g='. As
shown in the corresponding voltage profiles (Figure 3f), there
is no conversion-reaction plateau present in BulkBSO, nP-BSO,
PVPBSO, or nP-BSO/mWEFG, while the conversion capacity
of BulkBSO/mWFG remains half of that in PVPBSO/mWEG.
The alloying plateau of PVPBSO/mWFG contributes to lower
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overpotential and is almost double those of other materials.
The dealloying/reverse conversion process of PVPBSO/mWFG
also displays multiple reversed plateaus with lower polarization
phenomena. The remaining overpotential and polarization of
PVPBSO/mWFG maintain a higher reversible capacity than
those of other materials at the 500th cycle. The rate capability
is investigated from 0.1C to 4C (1C = 500 mA g~') to demon-
strate the positive effect of Schottky heterojunction coupled
with interface engineering on redox kinetics in Figure 3g. At
stepwise cycling currents, the excellent rate performance of
the host material is marked as 421, 393, 367, 343, 324, 306,
273, and 246 mA h g! at 50, 100, 250, 500, 750, 1000, 1500,
and 2000 mA g~!, respectively. Compared to PVPBSO/mWFG,
the capacities of other anodes continuously decrease, and the
capacity contributions of BulkBSO and BulkBSO/mWFG result
in a sub-100 mA h g=! capacity under high-current conditions.
Similarly, BulkBSO/mWFG and nP-BSO/mWEFG still perform
worse than their pristine materials at high current densities due
to the weak Schottky-junction effect. Without boosting carrier
transport through strong synergy between hetero-interaction and
vacancy engineering, the low capacities of other materials are
observed at the first stage (50 mA g'). The exceptional storage
performance and rate capability of K ions may be attributed to
a combination of capacitive and diffusive behaviors. To initially
confirm the merits of the Ov-amplified Schottky interface in
PIBs, capacitive/diffusive contributions are testified with various
sweeping rates of cyclic voltammetry (CV) from 0.1 to 0.9 mV
s71 (Figure 3h and Note S13, Supporting Information). The un-
changed shape of curves, rather than the phase transition of bare
materials in Figure S21 (Supporting Information), is observed.
A closed region of the CV curve at each scan rate (Figure S22,
Supporting Information) shows the percentage of capacitive con-
tribution relative to the total area is 69.8% at 0.9 mV s7! for
PVPBSO/mWEG, which is better than those of BulkBSO (59.4%)
and nP-BSO (62.0%). When applied under fast charge/discharge
conditions, the effective pseudo-capacitive behavior on the active
surface could significantly support subsequent kinetic diffusion.
As sweeping at 0.1 mV s7!, the ratio of diffusion-controlled ca-
pacity of PVPBSO/mWEFG is 66.3%, implying that many Faradaic
reactions could be conducted and deliver higher capacity perfor-
mance. Kinetic investigation using scan-rate-dependent CV tests
provides a detailed analysis in accordance with rate performance.
The PVPBSO/mWFG demonstrates attractive flexibility for me-
diating various current rates, leading to excellent rate capability
at both low and high current densities. The comparison of the
radar chartin six aspects, including ICE, cycle number, long-term
retention (LTR), final specific capacity (FSC), low-current capac-
ity at 50 mA g=! (LCC), and high-current capacity at 500 mA
g~! (HCC), is displayed in Figure 3i, Figure S24 and Table S2
(Supporting Information). In addition, comparisons with other
research articles mainly related to bismuth, antimony, tin-based
oxide, and partially transition-metal oxides are presented. The
ICE of most metal oxides in other literature is less than 60%
with cycling retention lower than 75%. When cycling at high-
rate current, the conversion reaction of metal oxides usually in-
herits an inevitable capacity loss and irreversible redox species.
The PVPBSO/mWEFG outperforms other anode materials in this
study, exhibiting superior low-current capacity, high-current ca-
pacity, and long-term cyclability. Benefiting from Schottky junc-
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tion and defect engineering, the reinforced electric and ionic net-
works are amplified to boost the orientated transportation of elec-
trons and K ions.

2.4. Electrochemical Mechanism and Reversibility of Bi,Sn,0,

The operando XRD contour plot is stacked alongside the
voltage profile, illustrating the electrochemical evolution of
PVPBSO/mWEG for the first three cycles at various voltage
stages. The diffraction peaks at 28.8°, 33.2°, and 48.0° belong
to PVPBSO before the cycling test, while the XRD signals of
the stainless-steel operando holder consistently appear at 17.4°,
21.7°, and 24.1° (Figure 4a). As the K ions inserted into the an-
ode material, the OCP suddenly dropped below 1.5 V, initiating
the formation of solid-liquid phase and conversion reactions.

The characterization signals of the host anode progressively
disappeared and accompanied with the formation of metal
phases (Bi, Sn) and conversion species (K,0,, KO,, K,0). As
continuously discharged to 0.5 V (blue region), the conversion-
reaction signals of K,0, and KO,, and K,O appear sequentially
at 22.9° (JCPDS No. 00-032-0827) and 26.5° (JCPDS No. 00-039-
0697), as well as 25.3° (JCPDS No. 01-077-2176). Simultaneously,
the XRD contour signals located at 27.2° (JCPDS No. 00-044-
1246) and 23.7° (JCPDS No. 00-005-0390) are assigned to the
(012) plane of Bi and the (111) plane of Sn, respectively. Subse-
quently, the potassiation of Sn and Bi metal can gradually pro-
ceed through stage II (purple region) and stage III (green re-
gion), displaying the contour signals of KBi, (31.1/32.5°, JCPDS
No. 04-010-8776), K,Sn,; (27.7/30.6°, JCPDS No. 03-065-3351),
K,Bi (29.0/29.6°, JCPDS No. 04-007-3496), and KSn (28.6/29.7°,
JCPDS No. 04-007-3503). Furthermore, post-mortem XPS and
TEM techniques are adopted to confirm the operando XRD re-
sults. As initially discharged to 0.5 V (Figure 4b,,c;), there are
two pairs of doublets of Bi** and Bi® with binding energy of
165.1/160 and 163.2/158.4 eV, being indexed as surface oxi-
dation and KBi, alloy, respectively. The three pairs of doublet
peaks of Sn*t (498.0/488.7 eV), Sn*~%* (495.6/487.1 eV), and Sn°
(492.8/484.5 eV) 3d are associated with the SnO,, SnO,_,, and
the alloy phase of K,Sn,;, respectively. With the continuous in-
sertion of K ions, the terminal alloying phases of K;Bi and KSn
have binding energies of 162/156.8 and 492.6/484.4 eV.

As the charging process begins, extracting K ions from potas-
siated species initiates the formation of dealloying phases, ac-
companied by the reversible alloying intermediates (KBi, and
K,Sn,;) and the subsequent metal phase. Following the gener-
ation of Bi and Sn metal, the potassium oxides begin the reverse
conversion reactions to form the original BSO crystals. To dis-
tinguish the product at phase transformation between the first
charging state and the second discharging state, we evaluate the
ex situ XPS spectrum to provide cross-verification. As shown
in Figure 5b,,c,, the binding energies of Bi (purple area) are
163.7/158.5 eV and 164.0/158.9 eV during charging to 2.25 and
3.0V, implying that a lower oxidation state of Bi 4f exists in the
product of charging to 2.25 V compared to those of charging
back to 3.0 V. Moreover, compared with intensities of other ex-
situ voltages, the intensity of Bi** at potentials of 3.0 V is much
higher than that of the electrolyte, implying that the presence
of BSO contributes to the intensity of Bi**. Specifically, Sn 3d
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Figure 4. Operando and ex situ analysis of K-ions storage mechanism of PYPBSO/mWFG. a) Contour pattern of the operando XRD ranged from 22°
to 49° with corresponding GCD curves for initial three cycles. b,c) Ex situ XPS analysis of Bi 4f and Sn 3d of PVPBSO/mWFG at certain discharge—
charge voltages. d) Ex situ XPS spectra of O 1s of PVPBSO. e) Schematic illustration of the K* storage mechanism of conversion-alloying reactions. f—i)
Post-mortem HRTEM analysis of PVPBSO/mWFG at potassiation state of 0.5 and 0.01V as well as depotassiation state of 2.25 and 3.0 V, respectively.

of SnO,_, would shift with that of Sn0 on the condition of a
fixed position of SnO, originating from the air-oxidized surface,
similar to the fixed signal of the electrolyte in the Bi 4f spec-
trum. The binding energies of Sn metal (493.6/485 eV) and Sn
(494.2/485.9 eV) of PVPBSO lattice at 2.25 and 3.0 V, respec-
tively, demonstrate the reversible BSO crystal structure. While
charging to 2.25 V, the reverse conversion reaction has been con-
ducted and formed the K, O, and KO, from K, O phase shown in
Figure 4d. At initial discharge voltage of 0.5 V and charge volt-
age of 2.25 V, the O 1s spectrum exhibits the broad peaks con-
sisted of KO, (%534.0 eV), K,0, (531-532 eV), and K,O (529.0—
530.0).°%°1 The sharper XPS peak centered at ~529 eV when
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discharged to 0.01 V confirms the existence of K,0. Meanwhile,
the XPS peak shifts back to a binding energy of 530 eV upon
charging to 3.0 V, indicating the presence of the BSO phase. By
combining operando XRD with ex situ XPS analysis, the electro-
chemical evolution scheme is illustrated in Figure 4e. The phase
evaluation of PVPBSO and post-mortem morphologies at specific
voltages are displayed in Figure 4f—i. The yellow, blue, and white
dashed frames designate Sn-, Bi-, and O-based intermediates, re-
spectively. Products of conversion and alloying reactions at each
stage can be distinguished through ex situ TEM images and cor-
responding SAED patterns, in accordance with operando XRD
and ex situ XPS. As discharged to the cut-off voltage of 0.01 V, the
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Figure 5. Electrochemical kinetic behaviors and simulations of PVPBSO/mWFG a) Cyclic voltametric curves of host materials and others in this work

at scan rate of 0.1 mV s™! for initial cycling. b) Enlarged CV curves of (a
factor before and after cycling process. g) GITT measurement with 15 mln

calculated diffusion coefficients of each current pulse. j) In-situ EIS and calculated R, values at 50 mA g~

. ¢,f) Nyquist plots, d,g) fitted R;s and R, and e,h) linear diagram for Warburg

current pulse of 50 mA g~ followed by relaxation time of 30 mins and i)
1. NEB simulation of diffusion energy barriers

of k) Perfect-BSO and Ov-BSO, as well as |) Perfect-BSO/mWFG and Ov-BSO/mWFG.

d-spacings of K,Bi (113), KSn (321)/(323), and K,O (111) are 0.3,
0.31, 0.28, and 0.35 nm (Figure 4g and Figure S26, Supporting
Information), respectively. The SAED pattern further presents
K,O, K;Bi, and KSn at a discharging voltage of 0.01 V with cor-
responding lattice planes of (220), (114), and (217)/(008) exist-
ing in a large two-theta region, which cannot be well-detected
by XRD. At the reverse conversion stage (2.25 V) in Figure 4h
and Figure S27 (Supporting Information), lattice planes of re-
lated conversion products can be found in the HRTEM image
with mask-modified inverse-FFT patterns. Significantly, the 2D
lattice of PVPBSO is shown in the red dashed frame and cor-
responding FFT pattern when charged to 3.0 V (Figure 4i and
Figure S28, Supporting Information), proving the existence of a
reversible crystal structure of PVPBSO/mWFG. The main lattice
fringes of (004), (404), and (—408) of PVPBSO appeared inde-
pendently with one-dimensional lattice, while the ring pattern
presents three lattice planes related to PVPBSO. This contin-
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uously enhances the Schottky heterojunction with maintained
deficient architecture during sequential cycling tests. The post-
mortem images of PVPBSO/mWEFG show the well-maintained
heterostructure without any cracks or phase separation, con-
firming the reversibility of PVPBSO crystals and Schottky het-
erostructure. In addition to the reversibility of PVPBSO/mWFG,
the ex situ MS plot of PVPBSO/WFG after 500 cycles proves
the sustainability of Schottky junction with the existence of
n-type property The reversibility of PVPBSO/mWEFG and sus-
tainability of heterojunction effect are complemented, as the
PVPBSO materials maintain their semiconducting property af-
ter charging to 3.0 V. Despite PVPBSO undergoing a transfor-
mation after discharging to 0.01 V, the structural and composi-
tional reversibility of PVPBSO/mWFG, when charged to 3.0 V,
continues to uphold the n-type Schottky characteristics in sub-
sequent cycles. The persistent junction effect thereby continu-
ally improves and maintains the electrochemical kinetics and
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performance of PVPBSO/mWFG, even after extended cycling
processes.

The diffraction peak of mWFG, which is different from the re-
action of traditional graphite, is located at ~24° overlapped with
stainless-steel device. With the assumption of completed reac-
tion, the corresponding mechanism of each stage is integrated
below

Discharge state

Stage I: Bi,Sn,0, + K* + e~ — K,0,+KO0,+3K,0 + 2Bi + 2Sn

— K,0 + 2Bi + 2Sn (1* discharge, 0.6 V) (2)

Stage IT: 2Bi+ 23Sn+K* + e~ > KBi, + K,Sn,;

(1** discharge, 0.6 — 0.25 V) 3)

Stage III: KBi, + K,Sn,; + K* + e” — 2K;Bi + KSn

(1** discharge, 0.01 V) (4)

Charge state

Stage IV: K,Bi+ KSn—K*" —e™ — KBi, + K,Sn,,

(1** charge, 0.8 = 0.9 V) (5)

Stage V: KBi, + K,Sn,; —K* —e™ - Bi+ Sn

(1% charge, 1.5V) (6)

Stage VI: Bi+ Sn+K,0—K* —e™ - K,0,+KO, + 2Bi + 2Sn

— Bi,Sn,0,(1* charge, 3.0V) (7)

In addition, there is a small variation of mMWFG fringes (3.36 A)
in Figure S30 (Supporting Information), exhibiting the increased
d-spacing up to 3.8 A and decreased d-spacing to 3.6 A during
potassiation and depotassiation, respectively. The EDS mapping
patterns of PVPBSO/mWFG at specific potentials confirm the
uniform distribution of Bi, Sn, O, and C without structural devi-
ation and component separation from Schottky heterojunction,
as given in Figure S31 (Supporting Information). After initially
charging to 3.0 V, there is still the present of K-element signal,
attributing to the SEI layer and reminding of K ions in KC,. Due
to the uniform existence of K ions slightly stored and adsorbed on
the PVPBSO/mWFG, for proving the well-contacted heterostruc-
ture without cracking, it could be beneficial to enable the feasi-
bility of fast redox reactions for next cycles. In addition, the func-
tional groups of electrolytes, including NSO?~, SO,F~, and SO*-,
can be identified at binding energies 0f 169.7, 168.5, and 166.2 eV,
respectively.

Furthermore, the weak signal of Sn-based phase confirms that
the Sn in PVPBSO lattice cannot be completely reacted in XRD
contour plot, leading to the formation of Sn*~2* state in XPS spec-
trum, thereby maintaining the partial architectural lattice and
benefiting to the reversibility of PVPBSO crystal structure upon
charging to 3.0 V.
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2.5. Electrochemical Kinetic and Diffusion Analysis of Schottky
Heterostructures

To deeply investigate positive effect of heterojunction engineer-
ing, CV, EIS, and GITT are instrumental in demonstrating the
significance of heterointerface formation and efficient junction
effects. As illustrated in Figure 5a, the CV curves of anode
materials can be divided into five regions based on operando
XRD analysis. Initially, the lowest activation overpotential of
PVPBSO/mWEFG suggests that it facilitates K-ion transport on
the anode surface, making it easier to initiate the potassiation re-
action (see the upper inset of Figure 5b). The large reactive area of
PVPBSO, without orderly junction-mediated charge transfer, can
cause an uneven distribution of carriers around the exposed sur-
face and inner spaces, resulting in a nonuniform thickness of the
SEI layer with high electrochemical resistance. In other words,
both charge accumulation and a thick SEI layer can lead to poor
kinetic reactions and slow diffusion behavior. Consequently, ex
situ EIS techniques are employed to analyze the electrochemical
impedances of pristine and cycled materials in Figure 4c,f, and
Note S14 (Supporting Information). In the high-frequency re-
gion of pristine materials (Figure 5d and Figure S32a, Supporting
Information), the Ry of BulkBSO/mWEG is larger than that of
other anodes. This is because the bulk materials cause disordered
structures and aggregation of mMWFG during the ball-milling pro-
cess, resulting in poor conductivity and a nonideal heterointer-
face with weak Schottky-junction effects.>?] Due to the forma-
tion of an insulator layer induced by a poor heterojunction, the
mWEFG cannot effectively integrate electron transport orienta-
tion. Despite the presence of nanoengineering and deficient ar-
chitecture, the R of bare materials is higher than that of het-
erostructures (PVPBSO/mWFG and nP-BSO/mWEFG) due to the
absence of junctions. In the medium-frequency region, a well-
contacted heterostructure can enhance charge transport from
the passivating layer to active materials. The reduced R, of het-
erostructures demonstrates that both carriers have been acceler-
ated once the Schottky junction forms. The large transport barrier
(>20 000 Q) and small difference (432 Q) between nP-BSO and
nP-BSO/mWEFG indicate that even though the materials have
been fabricated using a nanosized synthesis process, it cannot
improve charge transfer on the surface of nP-BSO and mWFG.
A significant decrease in the R, of BulkBSO/mWFG implies that
nonuniform distribution of mWFG not only raises the Ry but
also expands the interspace between BulkBSO and mWFG, sub-
sequently lowering the charge transfer barrier. Thanks to the syn-
ergy of Schottky junction and OVs, pristine PVPBSO/mWFG per-
forms the best transfer capability of electrons and K ions with
lowest R,.

The tendency of slopes related to Warburg impedance (o)
is similar to that of R, implying that the PVPBSO/mWFG
delivers a best diffusion capability with small o, whereas the
BulkBSO shows the highest diffusion resistance (6 550 = 1396)
(Figure 5e). Most importantly, after 300 cycles chosen from the
long-term cycling test (Figure 5f), the surface film resistance
(Ry) of each anode increases at the solid-liquid interface due
to electrolyte consumption, which is a result of the growth of
the SEI layer surrounding the exposed surface area. An appro-
priate thickness and uniformity of SEI films can prevent con-
tinuous electrolyte consumption, facilitate K-ion transport with
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decreased charge transfer barrier. The substantial R of PVPBSO
and nP-BSO indicates a nonideal SEI film, which is due to
the extensive exposed reactive surface stemming from the na-
noengineering design. In the absence of unintegrated electron
transfer, SEI films could not only develop on the mWFG sur-
face but also deposit within the internal mWFG layers, result-
ing in the formation of dual passivating films. Moreover, the
R, of all materials decreases because the materials become
activated during the cycling process. Except for the host het-
erostructure, the R, values of other materials exceed 1000 Q,
representing a substantial resistance that results in increased
overpotential and polarization. Specifically, both Ry and R, of
PVPBSO/mWEFG are much smaller compared to other anodes
(Figure 5g and Figure S32b, Supporting Information), benefit-
ing from the OV-amplified Schottky heterojunction coupled with
an inversion layer. Therefore, the oriented bipolar carriers trans-
fer to the exterior surface and heterointerface without electron
tunneling.>*] Electrons moving from PVPBSO to mWFG are uni-
formly dispersed along the mWFG’s delocalization surface, en-
hancing the formation of a sturdy SEI film that stabilizes the ac-
tive surface and lowers the Ry. As carrier inversion takes place
in the SCR, the electric hole carriers within the inversion layer
aid K-ion diffusion in PVPBSO, resulting in high ionic con-
ductivity and enabling complete conversion-alloying reactions
of PVPBSO/mWFG. Consequently, the diffusion impedance of
PVPBSO/mWFEFG is the lowest among the materials shown in
Figure 5h.

GITT and in-situ EIS tests further emphasize the necessity
of Schottky junction in Figure 4i,j. According to the reaction
plateaus of the GITT voltage profile, the gray, yellow, and blue
regions represent the solid-liquid reaction, conversion reaction,
and alloying reaction, respectively, while the light and dark pink
regions indicate the starting points of the alloying reaction for
BulkBSO-based and other materials, respectively, due to their dif-
ferent plateau lengths. As redox reactions occur, K ions must
insert from the surface to inner active sites, altering the K-ion
diffusion barrier with variations in redox plateaus, active ma-
terial utilization, and extraction of transition-state products. As
the SEI film progressively grows on active materials, the dif-
fusion coefficients of all materials slightly decrease due to the
Faradaic reaction, while the R, values decrease with gradually
unlocked ionic and electronic channels, including the interface
between electrolyte and SEI layer, SEI layer and mWFG, as well
as mWFG and metal oxide.>*%] As conversion reaction begins,
diffusivities decrease and then increase after Bi and Sn metal ex-
traction. In addition, due to the low reactivity and utilization of
conversion species, the diffusion coefficients of BulkBSO-based
materials are only shown in the red circle, leading to the al-
loying reaction starting sooner than for other anodes, as indi-
cated by the first red arrow. With the continuous insertion of
K ions, diffusivities decline through two alloying stages. In the
depotassiation process, the trends of diffusion coefficients and
plateau variation are similar to those in the potassiation state.
Remarkably, PVPBSO/mWFG maintains stable and fast K-ion
transport ability with higher diffusivity ranging from 107 to
107 cm? s7!, emphasizing the positive effect of the optimized
Schottky heterojunction with carrier inversion around the SCR.
Furthermore, the R, of PVPBSO/mWFG remains consistently
lower than that of other materials throughout the initial discharge
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and charge processes, indicating that low electron/ion transfer
resistance enables efficient reactions within PVPBSO/mWFG
(enlarged Figure 5j). In agreement with ex situ EIS, the host
material exhibits the expected kinetic/diffusion behaviors and
wide-and-high plateaus, achieving high K-ion diffusivity regard-
less of solid-liquid interface, conversion, and alloying reactions.
Although nanosized and heterostructure designs improve elec-
trochemical performance compared to bulk and bare materials,
an inevitable charge transfer barrier and sluggish diffusion be-
havior still result in poor rate capability and a short lifespan.

To support the proof-of-concept experiment, nudged elastic
band (NEB) simulations are employed to calculate the minimum
energy paths and demonstrate the diffusion ability of K ions
across defect and perfect regions. As shown in Figure 5k, the
absence of high-EN oxygen atoms reduces the K-ion adsorption
energy of BSO surface, lowering the surface energy barrier and
enhancing K-ion diffusivity across the deficient site. The over-
all energy barriers of Ov-BSO are lower than those of Perfect-
BSO, implying that the higher the vacancy concentration in BSO,
the better the K-ion diffusion capability. Consequently, PVPBSO
has lower R, and Z, at OCP and initial discharge states com-
pared to other materials, except for PVPBSO/mWFG. Stacking a
single-layered mWFG on the BSO surface simulates the metal-
semiconductor junction effect, as shown in Figure 51. With the
removal of an oxygen atom, unpaired electrons form and trans-
fer from the deficient region to mWFG, enhancing electric/ionic
mobility and conductivity, thereby facilitating the driving force
of K-ion transport and reducing diffusion barriers. The diffu-
sion barriers of Ov-BSO/mWFG are much smaller than those of
Perfect-BSO, confirming the reliable synergy of interfacial chem-
istry and defect engineering.

2.6. Discussion and K-lon Full-Cell Demonstration

The main features of PVPBSO/mWFG are Schottky heterojunc-
tions with acquired bipolar-junction-enhanced carrier transport,
indicated through the following aspects: i) Low oxidation state of
Sn and Bi mediated by Interface chemistry decrease the WF and
EA of n-type BSO, thereby enhancing the electron donor ability
to high-work-function mWFG. The increased interface dipole be-
tween metal and semiconductor, induced by abundant OVs, in-
tensifies the driving force of carrier transfer. The EPR spectra,
HAADF-STEM image, and Raman spectrum, as well as Bader
analysis confirmed the existence of OVs and bond-disconnected
position. ii) The sufficient built-in voltage and band-bending phe-
nomena result in majority carrier inversion of BSO near the SCR
of heterointerface. Electrons act as the major carrier in n-type
semiconductors, while the electric holes are the charge carrier
in p-type semiconductors. Combined with the UPS, UV-vis, and
MS plot with DFT simulation, the band diagrams are constructed
consist of WF, EA, VBM, CBM, bandgap, built-in voltage, and in-
terface dipole. iii) Electron tunneling can be prevented through
an adequate and suitable width and height of Schottky barrier.
Efficiently controlling the charge-migrated direction can facili-
tate an effective conversion-alloying reaction without blocking
K ions transfer and diffusion, thereby forming a strong Schot-
tky junction. The width and height of Schottky barrier as well
as the direction of charge transport are crossly verified through
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Figure 6. Electrochemical performances and practical application of PVPBSO/mWFG//PB. a) Scheme of PIB full battery. b) GCD curves of cathode,
anode, and a full battery. c) CV curves of full battery at scan rate of 1.0 mV s~'. d) Long-term cycling performance based on active material of anode

at 500 mA g~'. The inset shows the voltage profiles at specific cycles. e)
corresponding GCD curves. g) Full-cell comparison with other literatures. h

photoemission spectrums in tandem with ESP and CDD simu-
lation. Due to the sufficient Schottky barrier and interface polar-
ization resulted from OVs on PVPBSO exposed surface, the ac-
quired p-type semiconducting property of PVPBSO/mWFG can
effectively enhance the diffusivity of K ions through the het-
erointerface of PVPBSO side. iv) Structural and component re-
versibility consistently support the existence of junction effect
during cycling process, therefore, the overpotentials and polar-
ization of each potassiation state have been reduced and main-
tained even after 500 cycles. Thanks to above-mentioned merits,
the Schottky heterostructure have been reinforced with a suitable
growth of SEI film, decreasing the electrochemical impedances
(i-e., Ry and R,) and expediting the adsorption and diffusion of
K ions inside the PVPBSO/mWEFG. Consistent with NEB calcu-
lation of K ions diffusion path, the in-situ kinetic measurements
(i-e., GITT and EIS) demonstrate the excellent transport ability
of K ions through the PVPBSO/mWFG, beneficial from the or-
derly Schottky-controlled electron transfer. Due to the compre-
hensive analysis and evidence, the PVPBSO/mWFG could be sig-
nificantly proved for owning an outstanding cyclability and rate
performances, accompanied by highly reactive architecture and
reversible retention.
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Rate performance at various current densities of 50-2000 mA g~' and f)
) Digital images of lighting test with three types of LED bulbs.

We demonstrate the assembly of PIB full cells PVPBSO/
mWFG anode with PB cathode (Figure 6a). The PB contributes a
reversible capacity of 60 mA h g=! with great overlapped voltage
curves (Figure S33, Supporting Information). The reason for
consideration of using PB-based material is attached in Note
S15 (Supporting Information). Typical GDC profiles of the
PVPBSO/mWEFG//PB full cell in Figure 6b at a current density
of 500 mA g1, based on the mass loading of active materials of
the anode, demonstrate a capacity similar to PVPBSO/mWFG
half cells. Notably, multiple redox reactions in PVPBSO/mWFG
perform a considerable capacity (pink line), while the PB cathode
provides a paired redox plateau at voltages of 3.66 and 3.20 V.
Due to the comparable areal capacity of negative and positive
electrodes, the capacity contributions of the full battery show a
mixture of anodic and cathodic reactions of both electrodes. To
distinguish the charge and discharge plateaus of the full cell, the
CV analysis clearly displays the highest charge and lowest dis-
charge plateaus, as shown in Figure 6¢, in good agreement with
the GDC curve of the full cell. This demonstrates the potential
of PVPBSO/mWEG for use in full PIBs, improving safety and
performance for commercial applications. The long-term cycling
performance of the PVPBSO/mWEFG//PB full cell demonstrates
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a stable retention of 71.5% after 200 cycles at a current density of
500 mA g~! based on the active materials of the anode, with an
initial capacity of around 380 mA h g~! (Figure 6d). The corre-
sponding voltage profiles (insets of Figure 6d) indicate excellent
reversibility of the full cell at the 25th, 100th, and 200th cycles.
The PVPBSO/mWFG//PB full cell delivers reversible capacities
at various current densities (Figure 6e,f), achieving a high energy
density of 209.6 Wh kg™! and a power density up to 6620 W kg™,
calculated based on the total active materials of both electrodes
according to a previous calculation method. Energy densities, cell
capacities, and charge voltages are compared with other litera-
ture in Figure 6g and Table S3 (Supporting Information).36:6-63]
The major oxidation plateaus with a voltage of 3.48 V suc-
cessfully lights different voltage-supplied and 49 LED bulbs,
proving the sufficient energy density and potential output of
the PVPBSO/mWEFG//PB full cell (Figure 6h and Figure S34,
Supporting Information). The excellent performance of the
PVPBSO/mWEFG//PB full cell is attributed to the reversible
conversion-alloying reactions, which are enhanced by optimized
heterointerface synergy. This cell outperforms organic and
layered oxide-based full batteries in terms of oxidation plateaus,
which can be attributed to the use of PB-based cathodes.

3. Conclusions

In summary, PVPBSO with abundant OVs was constructed with
mWFG through amplifying Schottky effect, greatly enhancing
the built-in voltage and charge transfer. The electrochemical ki-
netics and reversibility of the conversion reaction are significantly
enhanced by the sufficient network contacting the heterogeneous
interface, as verified by both experiments and simulations. Due
to abundant Ov sites, the PVPBSO establishes a large difference
of interface dipole related to mWFG, significantly producing a
strong driving force of electron transfer. Therefore, a favorable
inversion of majority carriers in SCR is inspired, decreasing the
charge transfer impendence and diffusion barrier, thereby reliev-
ing the redox overpotential and polarization. The construction of
the Schottky heterojunction and acquired p-type semiconducting
property form the built-in electric field between PVPBSO and
mWFG, providing an efficient shortcut for lateral K ions trans-
port and vertical electron transfer. The systematic movement of
bipolar carriers enhances the passage of electrons and potassium
ions through the heterostructure’s interior and exterior surfaces.
This is accompanied by reversible redox reactions, as confirmed
by both operando and ex situ analyses. Even after long-term cy-
cling process, the kinetic barriers of PVPBSO/mWFG are the
smallest compared to those of other anodes without strong Schot-
tky junction. Notably, the PIB full cell of PVPBSO/mWFG//PB
contributed a sufficient energy density with great cyclability and
rate capability due to the high oxidation plateau and cell ca-
pacity. This work provided not only a strategy for constructing
high-performance Schottky heterostructure with effective carrier
transfer, but also new avenues toward achieving thorough analy-
sis of heterojunction through proof-of-concept experiments.

4. Experimental Section

Fabrication of PVPBSO: In a typical synthesis, first, 2 mmol (0.970 g)
Bi(NO3); (Sigma-Aldrich, >98%) and 2 mmol (0.598 g) K,SnO; (Alfa Ae-
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sar, 99.4%) were uniformly dispersed in 50 mL deionized water stirred with
500 rpm and sequentially ultrasonic treatments at room temperature. Sec-
ond, 2 g PVP stabilizer (Sigma-Aldrich, MW = 55 000) was added into
the solution contained Bi and Sn precursors and stirred for 30 min. After
completely forming a homogeneous solution, the pH of the solution was
adjusted to 12 by 1.5 mL 2 m NaOH. After stirred for 20 min, the mixed
solution was transferred into 100 mL Teflon autoclave at 200 °C for 20 h.
The gray PVPBSO was collected by centrifugation with 30 ml DI water for
several times and 30 ml ethanol for the last times.

Fabrication of BSO: 2 mmol (0.970 g) Bi(NO3)3 and 2 mmol (0.598 g)
K,SnO; were uniformly dispersed in 50 mL deionized water stirred with
500 rpm and sequentially ultrasonic treatments at room temperature. After
forming a homogeneous solution, the pH of the solution was adjusted to
12 by 1.5 mL 2 m NaOH. After stirred for 20 min, the mixed solution was
transferred into 100 mL Teflon autoclave at 200 °C for 20 h. The yellow
BSO was collected by centrifugation with 30 mL deionized water for several
times and 30 mL ethanol for the last times.

Fabrication of BulkBSO: 1 mmol (0.466 g) Bi, O3 with 2 mmol (0.301g)
SnO, were uniformly dispersed in 10 mL EtOH solution under ultrasonic
treatments. After evaporation, the powder was transferred to porcelain
crucible and calcined in a muffle furnace at 750 °C for 24 h at a heating
rate of 3 °C min~".

Fabrication of mWFG: 100 mg traditional graphite was placed in a
stainless-steel ball-milling jar, and the mixture was milled at 200 rpm for
15 h under argon protection using a high-energy grinding mill (RETSCH
PM100).

Fabrication of Schottky Heterostructures: 75 mg of BSO powder and
25 mg of mMWFG were placed in a stainless-steel ball-milling jar, and the
mixture was milled at 200 rpm for 15 h under argon protection using a
high-energy grinding mill. The weight ratio of grinding balls/mixture pow-
der was 20:1.

Fabrication of PB Cathode: A modified coprecipitation method was
adopted to synthesize the cathode materials. Solution A was prepared as
follows: 3 mmol (0.596 g) of FeCl,-4H,O (Sigma-Aldrich, 98%) was dis-
solved in 50 mL of deionized water. Solution B was prepared as follows:
5 mmol (2.1 g) of K4Fe(CN)g-3H,0O (Sigma-Aldrich, 99.5%), 10 mmol of
potassium citrate, and 12 g of KClI (PubChem, 99%) were dissolved in
100 mL of deionized water. Solution A was slowly added into solution B
and maintained at RT for 4 h. The blue powder was centrifugalized and
washed several times with deionized water and EtOH, and finally dried at
80 °C in a vacuum furnace for 2 h.

Electrochemical Measurements—Preparation of Anodes and Cathodes:
These electrodes were prepared by mixing the anode materials (70%),
super-P (20%), and NaCMC (10%) in deionized water to form a uniform
slurry. The homogeneous slurry was coated onto the copper foil and dried
in a furnace at 80 °C under argon flow to remove the residual solvent. The
mass loading of active material is 0.8—1.0 mg cm~2 for half cells using a mi-
crobalance with 0.1 pg resolution (Sartorius SE2). These electrodes were
prepared by mixing the PB (70%), super-P conductive agent (20%), and
PVDF (10%) in NMP solvent, which was added into a plastic jar and put
into ball mill machine rotated at 350 rpm for 15 min. The homogeneous
slurry was coated on to the aluminum foil and dried inside a furnace at
80 °C under argon flow to remove the residual solvent.

Electrochemical Measurements—Potassium-lon Half Cells Assembly of An-
ode and Cathode Materials: The electrochemical performance of the elec-
trodes was tested in the CR2032 coin-type half cells with the handmade
potassium metal foil as the counter electrode. The electrolyte used in the
cells was 1 m KFSI in DMC. The cells were assembled in an argon-filled
glove box with both the moisture and the oxygen content bellow 1 ppm
(M. Braun UNILAB). The CV and EIS curves were obtained on Bio-Logic-
Science Instruments, VMP3 workstation. Galvanostatic discharge—charge
tests were evaluated by NEWARE CT-4000 battery measurement system
from 0.01-3.0 V (anode) and 2.0-4.0 V (cathode) versus K/K*.

Electrochemical Measurements—Potassium-lon Full Cells of PVPBSO/
mWFG//PB: The CR2032 coin-type full cell for battery was assembled
by using PVYPBSO/mWFG//PB as anode and PB as cathode with an-
ode/cathode ratio of 1:5 (Wt%) under argon environment. Both electrodes
were pre-potassiated for 25 cycles before the full cell assembly, and 1 m
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KFSI in DMC was used as electrolyte. Galvanostatic discharge-charge
tests were evaluated by NEWARE CT-4000 battery measurement system
from 1.0 to 3.8 V versus K* /K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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