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ARTICLE INFO ABSTRACT

Keywords: We design a hexagram-like 1D/2D van der Waals heterostructure composed of regularly crosslinked aligned 1D
Van der Waals BiyS3 nanowires on 2D BiySes nanoplates, termed BiyS3/BisSe; vdWHs, for use as anode materials for potassium
Hetert)-structures ion batteries (PIBs) and hybrid capacitors (PIHCs). Thanks to the mixed dimensional topological hetero-
gz:::;um structures, the abundant network-contacted heterojunctions facilitate ordered ion/electron transport around the
Capacitor surface network and interior topological materials, and simultaneously promoting the K" diffusion, electron

transfer, and electrolyte infiltration. The BiyS3/BizSes vdWHs deliver an attractive specific capacity over 600 mA
h gl at 50 mA g7}, a high-rate capability up to 2500 mA g™}, and excellent cycling stability. Theoretical models,
in tandem with operando X-ray diffraction and HRTEM analysis reveal the behavior of heterogeneous interfacial
reaction in terms of the trapping ability and diffusion kinetics, confirming the reversible conversion reaction of
BiyS3/BisSes vdWHs. Finally, the full cells of PIBs and PIHCs coupled with BiyS3/BisSes vdWHs anodes exhibit
excellent performances of 208 and 106 Wh kg™! over 850 and 3000 cycles, respectively, demonstrating their
feasibility towards practical applications. Our study provides a new insight into architectural strategies for
heterogeneous interfaces to realize intelligent kinetic control strategies of chalcogenide topological materials for

advanced energy storage.

1. Introduction

Lithium-ion energy storages have been widely used in portable and
electric vehicle energy storage devices due to their high theoretical
energy density and electrochemical stability. However, the limited and
uneven lithium sources impose significant limitations on their wider
applications [1]. Potassium-ion storages are beneficial for low-cost,
high-energy-density full batteries owing to their abundant resources
and low standard redox potential. Typically, anode materials in potas-
sium ion batteries (PIBs) can be divided into three mechanism-typed
materials, including intercalation, alloying, and conversion [2]. In the
pursuit of high-capacity performance, the 2D silicon materials can
deliver high capacity, high-rate capability, and durable structure in
lithium-ion system [3,4]. Meanwhile, conversion-typed metal sulfides or
selenides in potassium-ion system have been regarded as the promising
and desirable materials. Conversion-type materials of various shapes,
such as two-dimensional materials (e.g., nanosheet [5], nanoplate [6]),
one-dimensional materials (e.g., nanowire, [7] nanorod, [8] nanoruler,
[9]), =zero-dimensional materials (e.g., nanoparticles, [10,11]
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nanosphere [12]), and self-assembled nanonetwork from nanorods with
facet modification [13], have been shown to possess suitable ion diffu-
sion channels, high ionic conductivity, and fast ion mobility. A volume
strain-relaxation electrode consist of 0D red phosphorus and 1D carbon
nanofibers exhibited high reversible capacities and extraordinary
durability, where the usage of carbon materials can further enhance the
diffusion kinetics of K™ due to their good electron/ion conductivity and
structural durability [14]. There are also previous literatures con-
structing the 1D carbon materials with 0D conversion-type materials,
such as candied-haws-like FeS,@C core-shell structures [15] and
SnS-confined multichannel carbon nanofibers [16]. Nevertheless, the
drawbacks of employing metal chalcogenides still pose various diffi-
culties, including severe volume variation, sluggish kinetic diffusion,
and most importantly, the shuttle effect during the cycling process.
Currently, heterointerface engineering controlled by dimensionality and
composition effectively improve the kinetic behavior and electro-
chemical performance in metal chalcogenides [17]. However, its elec-
trochemical behavior is still far from applicable due to the unavoidable
loss of active material and excessive lattice distortion in the
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heterostructure during charge/discharge process. Indeed, common
interface engineering may not fully overcome the limitations and con-
cerns of conversion-type materials in K™ storage. Therefore, the optimal
orientation relationship of two materials (e.g., growth direction, pref-
erential facet, attached angle) is crucial for constructing heterojunctions
to address the diffusion kinetics of K* storages.

Covalent heterostructures are driven by unoccupied bonds on the
surface of crystalline materials to minimize surface energy, suggesting
that even small lattice mismatches can induce crystal distortions and
dislocations. Shi et al. adopted the charge density difference and partial
density of states to reveal that the existence of strong covalent nature
between NiyP and N, P-doped carbon nanosheet, which can significantly
prolong the cyclability [18]. Heterostructures composed of different
dimensional materials must consider their lattice mismatch and het-
erogeneous boundaries between the junction materials. For example,
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based on the hexagonal crystal structures of WSy and MoS,, Lai et al.
showed high-resolution ADF-STEM images to confirm the connection
between two transition metals and the formation of in-plane hetero-
structures [19]. Shan et al. demonstrated excellent performance with a
configuration of small lattice-mismatched semi-coherent phase bound-
aries of CoSey and FeSe, [20]. Furthermore, if the heterointerface be-
tween two materials consists of different crystal systems and
dimensions, van der Waals (vdW) epitaxy and assembly become a key
route to construct multifunctional materials. The strategy of construct-
ing VS4/SnS@C vdW heterostructures and the effective entrapment ef-
fect to stabilize metal polysulfides can maintain the reversibility of
electrochemical reactions [21]. To further solve the above-mentioned
challenges, carbon-based heterostructures formed by contacting car-
bon with metal chalcogenides are usually adopted to reinforce the
cycling life of half cells, thereby enhancing the conductivity and

P

e ————

Scheme 1. Schematic illustration of the formation of Bi,S3/BisSes vdWHs, and its working mechanism for potassium-ion storage applied on PIB and PIHC full cells.
The BiyS3/BizSes vdWHs composed of [001]-orientated growth of Bi;Ss3 nanowire bundles with the lowest surface energy of (010)-exposed plane and [hkO]-
orientated growth of Bi,Ses; nanoplates enhances the adsorption ability of active intermediates, intrinsic conductivity as well as K* kinetic diffusion through p-n
junction engineering and rich network-contacted heterointerfaces. The implementation of Bi;S3/BizSes vdWHs in full cell configuration of PIBs and PIHCs are

demonstrated.
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trapping capability of materials. Guo et al. designed the hetero--
Co0O/Co3S4 nanoparticles embedded in N-doped carbon frameworks,
exhibiting excellent rate capability and capacity contribution in
sodium-ion storages [22]. Wang et al. demonstrated a novel 2D-based
vdW heterostructure, Bigs1Sbg 490Cl/rGO, which was not restrained
by lattice matching and processing compatibility [23].

However, mixed dimensional heterointerfaces with specific orien-
tations are still difficult to design due to anisotropic crystal growth
mechanism and intrinsic lattice mismatch. Meanwhile, the composition
of mixed dimensions is difficult to control, leading to interruption of
transport paths. Therefore, precise structural refinement and directional
interface modulation are required for advanced electrode materials in
state-of-the-art PIB storage. Indeed, the internal diffusion of hetero-
interface are greatly enhanced through the junction modification with
electric features of different composition. Inspired by the difference of
valence band and energy bandgap, p-n junctions with built-in electric
field can induce the directional migration of electrons and holes, facil-
itating efficient charge transport of heterointerfaces [24]. Based on
density functional theory (DFT), changes in electrical properties of
heterostructure can reveal junction formation and charge redistribution,
improving structural conductivity and stability. In addition to the
junction engineering, materials of various dimensions can also provide
their different functions and characteristics. The interrelationship be-
tween mixed-dimensional materials and their synergetic enhancement,
including excellent electron mobility, good mechanical property, large
surface area, charge transfer channels, easy electrolyte infiltration, etc.
[25-27], may bring positive effects on electrochemical performance.

In this study, we design regularly-assembled vdW topological het-
erostructures that can promote the K diffusion kinetics and electron
transportation via both lateral and vertical pathways, as illustrated in
Scheme 1. The networks formed by Bi»S3 nanowires are cross-linked at
certain angles and orientations, and stacked with the surface lattice of
BisSes nanoplates, so called BipS3/BisSes vdWHs. The [001]-orientated
Bi,S3 with (010)-exposed plane assemble directionally along the [hk0]-
orientated BisSez with (001)-exposed top surface. Crosslinked wire-
contact phase boundaries are evaluated to form network-contact het-
erointerfaces that unravel rich heterojunctions with the built-in electric
field. Electrochemical analysis and DFT calculations show that the novel
heterostructures have good mechanical strength and multi-channel
electron/ion pathways thanks to the enhanced hetero-interconnection
effect. The vdW epitaxy and void space between the heterointerface
and nanowire bundles can withstand lattice distortion during cycling,
respectively, while providing a migration path of K* from the hetero-
interface to BipSes and increasing adsorption sites for trapping active
materials point. Therefore, Bi3S3/BizSes vdWHs provide an enhanced
electronic conductivity and entrapment effect, and accelerate K™ diffu-
sion in PIBs and PIHCs.

2. Results and discussion
2.1. Structure characterization

The fabrication process of Bi»S3/BizSes vdWHs is shown in Fig. 1a. A
facile one-step solvothermal strategy was used to tune kinetic reaction
rates and orderly assembled heterostructures in high yields. First, BiClg
and SeO, were dissolved in triethylene glycol containing PVP surfactant
and stirred to form a homogeneous solution. Then a sufficient amount of
TAA was added to the above solution as a sulfur source, and the color
changed from colorless to brown, indicating that the addition of TAA
formed a Bi-S nucleus. After stirring for a certain time, the final product
was obtained. The kinetics-controlled growth was conducted in the
presence of capping agent and viscous solvent to proceed regular as-
sembly of 1D BiyS3 and 2D BisSes (BipS3/ BisSes vdWHs). The vdW
heteroepitaxy can alleviate the lattice distortion of mismatch materials
during regularly assembled 1D/2D network/nanoplate to avoid the
lattice misfit of two materials due to different crystal systems and lattice
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parameters [28-30]. The individual chains of PVP polymer interact with
each other through the hydrogen bonding and hydrophobic interaction,
and then self-assemble into polymer fibers, which can act as a template
to control the morphology [31]. Therefore, the PVP chains would
selectively adsorbed on (001) and (hkO) facet of BiySes and BiySs,
respectively, to effectively control their morphology and growth direc-
tion of nanoplates and nanowire bundles [32]. In addition, the high
viscosity of triethylene glycol can limit the surface diffusion rate of Bi-S
nucleus on the no-dangling-bond BisSes surface to proceed the nano-
wires grow regularly epitaxially along the lattice edges of the nano-
plates. The above-mentioned parameters could change the kinetic
barrier of hydrothermal reaction. If we change these experimental pa-
rameters, including long stirring time, fast stirring rate (Fig. Sla),
replacing the solvent (Fig. S1b), no addition of PVP (Fig. Slc), and
different S/Se molar ratio, the Bi;S3 nanowire bundles would not
well-crosslink on the BizSes nanoplates [33]. The growth direction of
BiySes nanoplates is the [hkO] direction with the (001) exposed facet,
while the BiyS3 nanowires grow along the [001] direction with the lower
surface energy of the (010) exposed face. The high-magnification fiel-
d-emission scanning electron microscopy (FESEM) image (Figs. 1b-d
and S2) demonstrates the regular growth of Bi»S3 with intersection angle
of 60° (red mark in Fig. 1e) of each nanowire bundles along the rhom-
bohedral lattice of BisSes. In contrast to BisS3/ BisSes vdWHSs, BisSes
nanoplates and BiySs3 nanowires were synthesized using the same
method in the supporting information of Figs. S3, S4. Furthermore, we
also synthesized the heterostructure at different Se/S precursor ratio.
When the molar ratio of SeO,: TAA was 2:1, the thickness of BisSes
nanoplates increased with higher Se concentration in Figs. S5a and S6a,
which was around 450 nm, resulting in the edge-to-edge assembly of
nanowire bundles and nanoplates. The ultralong Bi»S3 nanowires and
random-aligned structure were grown at higher concentration of TAA
(SeOy: TAA=1: 2) in Fig. S6c. It is worth noting that the Bi>S3 nanowires
were well-crosslinked on the top face of BizSes nanoplates with suitable
thickness of ~200 nm (Fig. S5b) only at same molar ratio of SeO, and
TAA, as shown in Fig. Séb. Therefore, the corresponding scheme of
heterostructures with various precursor concentration demonstrated
that different S/Se ratio induced different morphology in Fig. S7. The
element composition and distribution detected by energy-dispersive
X-ray spectroscopy (EDS) corroborate that Se and S are distributed
within the centra and crosslinked network of heterostructure, respec-
tively. Meanwhile, the distribution of Bi elements is located throughout
the heterostructure. The corresponding mapping results of elemental
ratio are given in Fig. S, which is consistent with the stoichiometry ratio
of BisSe3 and BiySs. To further investigate the formation of the vdWHs,
transmission electron microscopy (TEM) images in Figs. 1f and S9
confirm the two-phase feature of the hybrid. The (001)-exposed plane of
BisSes nanoplates can be verified by high-resolution TEM (HRTEM) in
Fig. 1h and its fast Fourier transformation (FFT) with lattice spacing of
~2.07 A assigned to the equivalence of (110) and (2-10) plane. The
(300) lattice point can also be detected when the band axis of BisSes is in
the [001] direction, which we assign as the (001) plane of the BisSes
nanoplate according to Bragg’s law. The regional axis of the [010] plane
in BiySs is perpendicular to the predominantly exposed (010) plane,
confirmed by the d-spacings of (002), (200) and (101) (Fig. 1i). It is
worth mentioning that the preferential growth of nanowires in the [001]
direction is due to the fact that the surface energy of the (001) plane is
higher than that of the (100) and (010) planes [34,35]. The low surface
energy of the (010) plane comes from no-dangling-bond surface [36].
According to the selected-area electron diffraction (SAED) pattern in
Fig. 1k, the clear spot pattern indicates the single crystalline of BiySes
nanoplates, consistent with the FFT pattern calculated from the HRTEM
image. Furthermore, the ring pattern of BiyS3 is obtained from a bundle
of nanowires with distinct lattice point orientations (Fig. 11), which can
be fitted in accordance with single Bi>S3 nanowire in the inset of Fig. 1i.
The heterointerface of Bi;S3/BizSes vdWHs is demonstrated by the
vertical view of the HRTEM image (Fig. 1g), indicating the d-spacing of
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Fig. 1. (a) Schematic illustration of the fabrication of Bi»S3/Bi>Se3 vdWHs. Morphology characterization in (b-d) low-magnification and (e) high-magnification SEM
images of Bi;S3/Bi»Sez vdWHs. The high-magnification TEM image and corresponding EDS elements mapping of a Bi»S3/Bi;Ses vdWHs. The lattice fringes and
spacing in HRTEM analysis and SAED pattern of (f, i) heterointerface, (g, j) (001)-orientated BisSes, (h, k) (010)-orientated Bi»S3. (m-p) schematic diagrams of

oriented planes and their relationship between facets and zone axis.
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(hkO0) planes (blue frame, BipSe3) and (301) and (003) plane (pink frame,
BiyS3). In addition, the FFT pattern of Bi;S3 and BisSes in heterostructure
shows the rectangular and hexagonal dash shape, respectively, which is
reasonable for the crystal family viewed from the [010]-direction of
BiyS3 and [001]-direction of BisSes. As shown in Fig. 1j, the SAED
pattern of BipS3/BisSes vdWHs displays the six symmetry directions of
equivalence in Bi,Ses lattice system, while the regular assembly of BiS3
nanowires follows the [hkO]-oriented BisSe3 nanoplates along six di-
rections with intersection angle of 60°. To more clearly present the
exposed lattice planes in BizS3/BisSes vdWHs, the schematic in Fig. 1m
shows different zone axes, illustrating that the exposed faces perpen-
dicular to the zone axis [hkl] belong to (hkl) planes, based on the Bragg
law. Both FFT and SAED patterns of vdWHs can indicate the related
orientations and facets of Bi»Ss and BisSes, in accordance with crystal
shape of corresponding lattice spots in a unit cell. The hexagram lattice

(@) (b)
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points of the (001) facet of rhombohedral BisSes is consistent with the
atomic arrangement of unit cell in blue region of Fig. 1m and n.
Meanwhile, the (001) and (010) facets of BisS3 in cross-section plane
and side plane of nanowires demonstrate the square and rectangular
shape of unit cell in pink region of Fig. 1o and p, respectively. The
above-mentioned d-spacing data measured from the Gatan software are
given in Figs. S10-S12. Therefore, the small mismatch between the
lattice constants of c-axis for orthorhombic Bi;S3 and the a- and b-axis
for the rhombohedral BisSes (detailed lattice constant in Table S1) can
be responsible for the preferential growth of [001]-oriented BisSs3
nanowire on the (001)-exposed plane of hexagram Bi;Ses nanoplates
along the [2-101, [1-20], [110], [-1-10], [-120], and [-210] directions.

We perform density functional theory (DFT) calculations to gain
insight into the atomic dimensions of the heterointerface between
rhombohedral BiySes and orthogonal BisSs. As shown in Fig. 2a, there is
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Fig. 2. (a) Calculated density of state (DOS) analyses and (b) charge density difference for Bi»S3/Bi>Sez vdWHs. (d) UPS valence band spectra of Bi,Ses and Bi»S3. (e)
Tauc’s bandgap plots. (f) Band diagram for p-type Bi>Se; and n-type Bi,S3. Material characterization in (c) XRD pattern, high-resolution XPS spectrum of (g) Bi 4f and
S 2p, and (h) Se 3d region. (i) The Raman spectrum of Bi,S3/Bi>Se; vdWHs, Bi»S3 nanowires, Bi,Se; nanoplates.
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a narrow bandgap in BiySe3 owing to the topological effect, while the
BiyS; exhibit a larger bandgap of 1.23 eV. When the vdWHs is obtained,
the bandgap shows an offset near the Fermi level with lager contribution
of density of state (DOS) intensity, indicating the optimized electrical
conductivity compared to pure Bi;S3 and BisSes. Based on the DOS result
of BipSes and BiyS3, the p-n junction of heterostructure is formed due to
the built-in electric field, enhancing the charge transfer between two
materials (Fig. S9) [37,38]. Moreover, point-contact and line-contact
heterostructures can only provide few hetero boundaries, while planar
contacts can provide high surface contact boundaries. However, it is
difficult to diffuse K™ from the top surface to the inner surface.
Compared to point-contact, line-contact and plane-contact hetero-
structures, the rich network-contacted hetero-boundaries can facilitate
ordered ion/electron transport around the surface network and interior
topological materials, and simultaneously promoting the K™ diffusion,
electron transfer, and electrolyte infiltration from the top surface of
BisS3 network to heterointerface of BisSes. The 1D BiyS3 and 2D Bi,Ses
crystal structure with (010) facet and (001) facets are used to simulate
the charge density difference of vdWHs in Fig. 2b. The deformation of
charge density reveals the distribution of electrons in depletion (green)
and accumulation (yellow), confirming the direction of electron
contribution and transportation [39]. Most of the charges in vdWHs are
concentrated around mainly Se atoms and partly S atoms, and the
dissipated parts are located in the sublayer of Bi atoms and interface of
Bi,S3 and BisSes. Significant charge transfer is constructed from BisSes
to BiySs to facilitate electron transfer to the metal layer and forming an
electron transport route [40]. Moreover, the purity and element
composition of BipS3/BisSes vdWHs, BipS3 nanowires, BisSes nanoplates
are confirmed using X-ray diffraction (XRD) technique and X-ray
photoelectron spectroscopy (XPS). All the diffraction peaks of BisS3/B-
inSes vdWHs well-matched with rhombohedron Bi;Ses (R-3m (166),
JCPDS No. 00-033-0214) and orthorhombic BiyS3 (Pbnm (62), JCPDS
No. 00-017-0320) prove the coexistence of BisSes and BisSs3 in the het-
erostructure (Fig. 2¢). There are no obvious impurity peaks appeared in
XRD pattern. Based on the ultraviolet-visible (UV-vis) spectra, the
bandgap of the BiySes (direct semiconductor) and BiSs (indirect semi-
conductor) estimated according to the Tauc’s method are 1.04 and 1.28
eV (Fig. 2d). In addition, the absorption spectrum of direct band gap
materials should be able to distinguish intrinsic absorption band and
absorption edge more clearly, the change is relatively slow, but that for
indirect band gap materials is steep [41,42]. To further confirm the
semiconductor type and p-n heterojunction, ultraviolet photoelectron
spectroscopy (UPS) of BisSes and BiyS3 are performed to investigate the
electron band configuration. As displayed in Fig. 2e, the valence band
maximum (VBM) edges for BiySes and BiyS3 are 0.75 and 1.25 eV,
respectively. Because of the different Fermi level positions, spontaneous
electron transfer occurs during contact, leading to the formation of a
built-in electric field. Accordingly, the energy band diagram is illus-
trated in Fig. 2f, with a spontaneous built-in electric field formation
when the p-type BisSes and the n-type BisSs are in contact. This induces
the direct migration of electron and K ions between BisSe3 and BisS3,
realizing a spatially optimized distribution of charged species. Besides,
the full XPS survey spectra of BiyS3/BisSes confirm the elemental exis-
tence of Bi, Se, and S in Fig. S13. The Bi 4f spectrum (Fig. 2g) demon-
strate the 4f core splitting into Bi 4fs 5 and Bi 4f;/» with binding energies
of 164.0 and 158.7 eV, 163.4 and 158.1 eV corresponding to Bi (III) in
BiyS3 and BiaSes, respectively [43,44]. In the S 2p spectrum overlapped
with Bi 4f, the characteristic peaks at 162.4 and 161.0 eV can be
distinguished as S 2pj /2 and S 2p3,» [45]. The peaks in Fig. 2h at 54.1 eV
(Se 3ds,2) and 53.3 eV (Se 3ds,2) can be considered as the formation of a
Bi-Se bond [46]. In addition to compound distribution, there are prop-
erties deduced from Raman spectra, such as peak width, peak intensity,
peak shift, and peak polarization state [47-50]. Among them, the peak
shift can further identify the change of stress and strain states caused by
heterostructure formation. In the as-prepared BisSesz and BisSs, the
out-of-plane mode Aé (173.2 cm™Y) and in-plane mode Eg (128.1cm™H

794

Energy Storage Materials 51 (2022) 789-805

of BiSe3 as well as Ag (237 cm™ 1) and Big (262 cm ) of BiyS3 are
demonstrated in Fig. 2i. [51,52] and schematic vibrational modes dis-
played in Fig. S14. [53] The Raman spectroscopy was employed to
characterize the formation of 1D/2D vdWHs. Compared to the individ-
ual materials, the Raman spectrum of BiyS3/BizSes vdWHs reveals the
peak positions of E, A, Ay, and By at 126.4, 175.6, 230.8 and 257.2 cm
1 indicating the slight blue shift of Ag and red shift of Eg, Big, and A,
vibration modes. If compressive stress is applied in the crystal, the bond
lengths in the crystal will shorten relative to their original length in the
unstressed crystal, causing the Raman peak positions to shift to higher
frequencies. Conversely, if there is tensile stress in the crystal lattice, and
the chemical bonds are elongated relative to their normal position in an
unstressed crystal. As the bond length increases, while the force constant
remains constant, a decrease in vibrational frequency and a red shift is
expected [54]. Besides, the limited surface reaction of viscous solvent
and PVP surfactant, the vdW assembly of BiyS3 on the (001) facet of
Bi,Ses restrains the growth of nanoplate thickness, resulting in prefer-
ential growth towards the [hkO] direction of BisSes. Therefore, the
in-plane Eé mode develops a slight redshift of 1.7 cm™?, while the
out-of-plane mode Aé presents a blueshift of 2.4 cm™!. Likewise, the
redshift of Byg, and Ag vibration modes in Bi,S3 are affected by van der
Waals contact with BisSes nanoplates and other BiyS3 nanowires [55],
suggesting anisotropic phonon vibrations owing to low symmetry of
BiySs3 crystal structure [56]. These results indicate that the process of
heteroepitaxial growth of Bi»S3 on BisSes is under significant in-plane
tensile strain and strong out-of-plane vdW contact, attributing to the
charge transfer and lattice change between Bi»S3 and BisSes [57,58]. As
a consequence, Raman results illustrate the successful construction of
the vdWHs consisting of 1D Bi;S3 nanowires and 2D BiySes nanoplates
rather than formation of BixSeyS, compound.

2.2. Electrochemical tests and analysis

The electrochemical performance of Bi»S3/BisSes vdWHs was eval-
uated by assembling coin-type half cells. The specific capacity directly
reflects the utilization efficiency of conversion products (e.g., K2S and
KySe), while the cycling retention can embody the ability to inhibit the
shuttle effect [24]. As cycled after 50 times at a low current density of 50
mA g}, the severe capacity decay of BisSes (182.9 mA h g~1) and BiSs
(269.1 mA h g_l) were obtained in Fig. 3a. In addition, hybrid materials
fabricated by mixing Bi»S3 nanowires and BisSe3 nanoplates via ultra-
sonic dispersion, namely M-BSS, performed as poor as the inherent
properties of BisSe3 and BiySs3. Noticeably, the BiyS3/BisSes vdWHs de-
livers a better retention with a charge capacity of ~430 mAh g~ ! after 50
cycles, in contrast to the other materials in this work. The galvanostatic
charge-discharge (GCD) curves of the 1st and 50th cycle are shown in
Fig. 3b. The first plateau at 1.8~1.5 V (blue frame) and the second
plateau at 1.0~0.6 V (pink frame) correspond to formation of
solid-electrolyte-interface (SEI) layer and multiple conversion reaction,
respectively (Fig. 3c). Except for BiyS3 nanowires with higher over-
potentials, the other three anode materials exhibit the similar over-
potentials, indicating the smaller charge transfer resistance (Rct) during
the solid-liquid phase transition. However, the longer SEI layer growth
time on BiySes means more electrolyte consumption and the formation
of a thicker SEI layer compared to other materials [59]. During the
process of a conversion reaction, the low polarization and long plateau
of GCD curves of BiyS3/BisSes vdWHs mean the better reaction kinetics
and KyS/KsSe utilization. Although Bi»S3 nanowire anodes deliver a
higher initial discharge capacity than Bi;S3/BipSes vdWHs, their larger
overpotentials suggest that electrochemical reactions and K ions will
become increasingly difficult to proceed and transfer, which is reflected
in the polarization of the GCD curves. For the initial charge state (yellow
frame), each anode undergoes the reverse conversion and dealloying
reactions. When the charging voltage reaches 1.0 V, the BiySs/BisSes
vdWHs contributes the wide plateau and low polarization conditions. In
particular, the reactivity and reversibility of conversion products of
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Fig. 3. Electrochemical analysis and performances of Bi,Ss/BiSes vdWHs in PIB half cells. (a) Cycling performance at a current density of 50 mA g !. (b) Gal-
vanostatic charge—discharge profiles with the 1st and 50th cycle at 50 mA g~'. Enlarged area of (c) the initial plateau (blue frame) and the second plateau (pink
frame) of conversion reaction in discharge state, and plateau in charge state (yellow frame). (d) Rate capability and (e) galvanostatic charge-discharge profiles of
Bi,S3/BisSes vdWHs at various rates. (f) Discharge capacity from the conversion plateau (denoted as I), first alloying plateau (denoted as II), and second alloying
plateau (denoted as III) at different current rates. (g) Long-term cycling stability of Bi;S3/Bi»Sez vdWHs at 500 mA g’l. (h) Comparison results of initial Coulombic
efficiency (ICE), initial discharged capacity (IDC), highest current rate (HCR), low-rate specific capacity at 50 mA g~! (SCL), high-rate specific capacity at 500 mA g~ !

(SCH), and cycle number with Bi,Se; nanoplates and Bi,S3; nanowires.

BiyS3/BisSe; vdWHs are far superior to other materials in both dis-
charged and charged states. Nevertheless, the overpotentials and po-
larizations of BisSes, BipSs, and M-BSS increased significantly due to
severe structural damage and the increased R, indicates that K ions are
difficult to diffuse into the materials after 50 cycles of activation.
Furthermore, the discharge and charge plateau of conversion reaction at
~1.0 Vand 2.5 V, respectively, are gradually disappeared, implying the
irreversibility of conversion reaction in BijySes, BiySs, and M-BSS. In
addition, BiyS3/BisSe3 vdWHs greatly enhance the reversibility and
cyclability of the anode due to the entrapment capability and volume
change mitigation during cycling. The rate capability of anode materials
was evaluated from 0.1C to 7C (1C = 500 mA g’l) to demonstrate the
positive effect of vdWHs on conversion kinetics in Fig. 3d. At stepwise
current densities, the excellent rate performance of Bi»Ss/BisSe3 vdWHs
is marked as 604, 477, 372, 302, 255, 221, 196, 175, and 89 mAh g_1 at
50, 100, 250, 500, 1000, 1500, 2000, 2500, and 3500 mA gfl, respec-
tively. Compared with the host material, the capacities of BiySs, BisSes,
and M-BSS were continuously decreased, and the capacity contributions
of the three materials under high-rate conditions are negligible. The
GCD curves of rate performance (Fig. 3e) can be classified into three
plateaus correspond to the conversion reaction (I) (theoretical capacity
of K3 and KaSe: 1675 and 678 mA h g™1), KBi, formation of alloying
reaction (II) (theoretical capacity of transformation of KBis: 64 mA h
g 1), and K3Bi formation of alloying reaction (III) (theoretical capacity
of transformation of KBiy to K3Bi: 322 mA h g™1). Despite capacity
fading with increasing current rate owing to the insufficient reduction of
polysulfide and polyselenide, the plateau I still provides an approxi-
mately 40 % of the discharge capacity at a significantly high current
density of 3500 mA g~ ! (Fig. 3f). Therefore, we believe that benefiting
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from more active sites providing continuous diffusion paths for ions and
electrons, this can contribute to improved K storage capacity and better
migration in vdWs assembled structures. Effective charge carriers in
electrochemical reactions help to reduce polarization caused by changes
in current. Long-term cyclability is another significant indicator for
evaluating the electrochemical stability and reversibility. The regularly
assembly of crosslinked BiyS3 nanowires with 2D BisSes nanoplates
strengthens the van der Waals interaction in the heterojunction, and
effectively enhanced the structural stability of the anodes without
assistance of carbonaceous materials. Besides, the cycling performance
of different S/Se molar ratio of heterostructure are displayed in Fig. S15.
Both regular heterostructures of BiS3/BisSes ratio of 1:1 and 1:2 ratio
can demonstrate a stable long-term cycling performance, but BizSs/B-
ioSes ratio of 1:1 showed a higher capacity resulted from the higher
content of BiyS3. The performance of BisS3: BisSes ratio of 2:1 and simple
mixing of Bi»S3 and BiySes (M-BSS, Fig. S2d) rapidly decayed after 100
cycles in Figs. S15 and 3g, respectively. The post-mortem SEM images of
Bi,S3/BisSe; vdWHs demonstrate the good contact even after cycling in
Fig. S16a-c. Due to the lack of junction effect and well-crosslink struc-
ture, the random-aligned structures cannot effectively improve the
intrinsic properties and structural durability, resulting in the rapid decay
of cycling performance.

As expected, the BiyS3/BisSes vdWHs delivered a higher reversible
capacity of 201.7 mAh g~! (Fig. 3g) at a high current density of 500 mA
g_1 than other three materials. We compare BiyS3/BisSes vdWHs with
other three materials in six aspects, including initial Coulombic effi-
ciency (ICE), initial discharged capacity (IDC), highest current rate
(HCR), low-rate specific capacity at 50 mA g~! (SCL), high-rate specific
capacity at 500 mA g~ ! (SCH), and cycle number, are displayed in the
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radar chart of Fig. 3h. Because of the inevitable capacity loss inherent
from the conversion reaction, the irreversible reaction involved in the
initial cycle induces that the ICE of all materials is less than 80%. Bi»S3/
BisSes vdWHs not only possess appreciable gravimetric capacity at both
low current and high current rate, but also achieve cycling capability up
to 1000 cycles due to the interconnected diffusion channels of nanowires
and the topological surface effect of 2D nanoplates.

The BiyS3/BisSes vdWHs exhibit superior K™ storage ability and
cyclability that are associated with pseudo-capacitance and diffusion
behaviors at high and low rates. To verify the advantages of the heter-
ointerface in the PIB system and study its kinetic response, cyclic vol-
tammetry (CV) tests were performed at different scan rates. The CV
curves at stepwise sweeping rates from 0.1 mV s7!to 1.0 mv s}
(Figs. 4a and S17) remain unchanged shape of curves, rather than the
phase transition of Bi,Ss, BisSes, and M-BSS in Fig. S18. The current is
composed of surface-dominated and diffusion-dominated reactions,
which can be evaluated by the formula below [60,61]

i, =a’(b=05~ 1.0) @
where a and b are adjustable constants in power law. Notably, the b
value is relatively important as the fitted slope of logarithmic i, (peak
current) and logarithmic v (sweeping rate) shows the kinetic contribu-
tion on the surface of electrode. There are four major peaks (Ci, Ca, Aj,
Ay) for the cathodic and anodic process, and their corresponding b
values are 0.69, 0.91, 0.84, and 0.62, respectively (Fig. 4b). Thus, it was
initially determined that the Faraday and Faraday processes would
simultaneously contribute to the current in the K* reservoir. Further-
more, the green and purple frame are assigned to the conversion and
alloying reaction, respectively. The b values indicated the different ca-
pacity contribution type of each electrochemical reaction. Therefore, b
values of cathodic and anodic peaks are divided into two couple of redox
reaction peaks, which could be indexed to the conversion (C1 and A2)
and alloying reaction (C2 and Al). Due to their same electrochemical
reaction, the similar b value of each couple of peaks can indicate the
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similar capacity contribution type. According to the Figs. 4 and 3f, the
conversion reactions (Cl1 and A2 peaks) were predominated by
diffusion-controlled (b < 0.75), meaning that it could provide complete
reactions at low current rate, but cannot contribute same capacity
contribution ratio (%) at high-rate cycling process. The alloying re-
actions (C2 and Al peaks) were capacitance-controlled type (b > 0.75),
in contrast to the conversion reaction, with a higher capacity contri-
bution (%) at high current densities. We further employ scan rate-
dependent CV curves to explore and quantify the contribution of
capacitive effects, including pseudo-electric double-layer capacitance
and double-layer capacitance, as well as diffusion-controlled K* inser-
tion. Relational equations are used for calculation.

i = kv + k% 2)

l‘/VO'5 = klvo's + ky 3

The k; v stands for the non-faradaic reaction, and k, v*° represents
the faradaic reaction. By plotting i(V)/ v’ and v** at specific range of
potentials, a linear fitting for the slope of k; and intercept of ky can be
calculated and achieved from the Eq. (3) and Fig. S19. This allows
quantification of the reaction current for capacitive and diffusive
contribution at a given potential of A; and C; peaks. A closed region of
CV curve at 1.0 mV s~ ! are shown in Fig. 4c, the percentage of capacitive
contribution relative to the total area is 65.6% at 1.0 mV s~'. Namely,
the capacitance-controlled current is slightly larger than diffusion-
controlled current within the inner surface, indicating that the high-
rate performance can be benefit by partly contribution of surface
capacitance. Additionally, capacitive percentages of 42.8, 45.9, 44.7,
52.6, 57.9, and 65.6% are given in Figs. 4d and S20 from the integrated
area for the sweeping rates of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mV s L
respectively. To prove the important existence of heterointerface, the
galvanostatic intermittent titration technique (GITT) and operando
electrochemical impedance spectroscopy (EIS) are carried out to mea-
sure the diffusion coefficient of K (Dg,) and R in Fig. 4g-i. The Dy of
BiyS3/BisSes vdWHSs and M-BSS are calculated from GITT curves based
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Fig. 4. Kinetics analyses of the K" storage behaviors for Bi»S3/BisSes vdWHs electrode. (a) CV curves of Bi»Ss/BisSes vdWHs at different sweeping rates. (b) The
corresponding b values in linear regression. (c) The composition of pseudocapacitive characteristics in the CV curve at a scan rate of 1.0 mV s~ !. (d) The contribution
ratio of surface-controlled and diffusion-controlled behaviors at different scan rates. (e) Nyquist plots of Bi»S3/BiSe; vdWHs and Bi,Se3+BisS3 before and after
cycling test. (f) Linear diagram of impedance and frequency components in (e). (g) GITT curves with 10 min current pulse of 50 mA g~! followed by 30 mins
relaxation and (h) corresponding diffusion coefficients of each current pulse. (i) Variation of Charge-transfer resistance in in situ EIS at 50 mA g’
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on the simplified Eq. (4) [62,63].

4 , (AE\’
—L
T AE,;

4

where 7, AEg, AE;, and L are denoted as current pulse time (s), constant
voltage change caused by the current pulse, potential change in the
steady-state current pulse, and thickness of electrode, respectively,
which is determined by cross-section SEM image in Fig. S21. As shown in
Fig. 5h, the diffusivity of M-BSS severely fluctuates around 10~10~1071%
em?s! during the potassiation state, while the Bi>S3/BisSes vdWHSs can
display the stable tendency of diffusivity in the smaller range between
10719 and 107! em? s7L. It is worth mentioning that the insertion of
large potassium ions leads to structural deformation and destruction,
leading to gradually detaches from the electrode during subsequent
cycling. The obvious decreased Dk can be presented in the potassiation
state of second cycle in M-BSS. Meanwhile, the regularly assembled
BiyS3/BisSe; vdWHs effectively avoid the above phenomenon. Consis-
tent with the results and trend of GITT tests, the in-situ EIS demonstrates
the continuous variation of R.; during the charge-discharge state given
in Figs. 4i, and S22-523. The R of Bi»S3/BisSe3 vdWHs is one-half and
even one-third that of M-BSS during the cycling process. Furthermore,
the Warburg factors (6) of both pristine Bi»S3/BizSes vdWHs and M-BSS
show similar values of 710 and 695 calculated from the slope of the
Nyquist plot of Re(Z) and »~%® in diffusion-controlled region, which is
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located in the low frequency region (Fig. 4e and f). The BiyS3/BisSes
vdWHs anode has much smaller R.; (754 Ohms) and Warburg imped-
ance (o = 33) than the M-BSS anode (Rt = 9202 Ohms, ¢ = 1016) after
200 cycles. Both operando and ex-situ EIS spectrums can prove the
significantly reduced barrier of charge transfer and diffusion during the
potassiation/depotassiation, suggesting the good conductivity and vol-
ume buffering of the vdWHs, stemming from the construction of heter-
ostructure. Therefore, the BisS3/BizSes vdWHs electrode gives rise to an
enhanced charge transfer process, i.e., cycling stability and reversible
capacity.

2.3. DFT calculations

To get a deep insight into the impacts of constructed heterointerface
on the reaction kinetics, we performed DFT calculations to investigate
the adsorption energies and inner diffusion barriers of heterostructured
existence with respect to the K storages. The adsorption ability and
atomic configurations of heterointerface between 1D BiyS3 and 2D
BisSes to the KsS, KoSe, and KT, are demoted and demonstrated in
Figs. 5a-c, $24-S25. To simplify the theoretical simulation, BizS3 (010)
plane and BisSez (001) plane are selected to construct BipSs/BisSes
vdWHs based on the observation and results of the HRTEM images and
FFT patterns. As a result, the adsorption ability of the heterostructure is
greater than that of single BiySs and BisSes (Fig. 5d), indicating that the

(c)
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Fig. 5. Theoretical simulation of K" adsorption and diffusion between heterointerface. The structural models of possible adsorption sites with (a) KzS, (b) K2Se, and
(c) K ions adsorption energy on the heterointerface. (d) Comparison of adsorption ability of Bi»S3/Bi,Ses vdWHs, BisSes, BisSs for KsS, KoSe, K ions. (e) Differential
charge density analysis of Bi»S3/BizSes vdWHs with the adsorption of K ions. The yellow and blue surfaces are represented as electron accumulation and depletion,
respectively. (f) Energy barrier and diffusion path in top view and side for heterostructure. (g) Comparison of energy barrier of K* diffusion in Bi,Ss/Bi,Ses vdWHs,

Bi,Ses, BisSs.
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heterojunction effectively suppresses the loss of active materials and the
trapping of K ions, thereby promoting the subsequent conversion re-
actions. Additionally, the deformation of the charge density reveals the
dispersion and possible transport direction of electrons in depletion and
accumulation, displaying that most of charges and the dissipated region
in heterostructure are concentrated around Se and S atoms, and K and Bi
atoms (Fig. 5e), respectively. The directional distribution of charges
makes electrons easily transferred to the metal layer of heterostructure
and assign a charge transfer path during the diffusion of K* into the
interlayer between the BiyS; and BizSes. When K™ diffuses into the
material, the adsorption of K on stable sites at the heterointerface oc-
curs first, and then K begins to undergo conversion and alloying re-
actions with the anode material. In order to investigate the diffusion
barrier of heterointerface rather than the top surface of two materials,
the DFT simulation was conducted on the inner diffusion of three ma-
terials. Thus, the adsorption sites of BiySs, BixSes, and vdWHs were
calculated as shown in Figs. S26-S28, and the most stable site was
selected to further simulate the diffusion paths and barriers in PIBs
(Figs. 5f and S29-S31). As shown in Fig. 5g, the BiySes and Bi»S3 exhibit
the highest and lowest energy barrier of K ions, respectively. Noticeably,
the construction of well-diffusion BiySs network and electrically
conductive BisSes benefit the synergetic effect regarding to different
features of dimensions and material properties. Due to the combination
of BiyS; and BiySes, the BiyS3/BizSes vdWHs display a suitable and
reasonable diffusion barrier under the situation of good entrapment
ability. As a consequence, the construction of Bi»S3/BizSes vdWHs not
only significantly promotes the adsorption of intermediates and diffu-
sion of K, but also greatly improves the charge transfer and ion diffu-
sion during the cycling process.

2.4. Reaction mechanism and features of BizSs3/BizSes vdWHs

Apart from exploring the dynamics of K, the operando and ex-situ
techniques were used to confirm and reveal the reversible reaction
mechanism of BisS3/BizSes vdWHs. The operando contour plot in the
selected two-theta range, stacked along with the charge-discharge pro-
file, interprets the electrochemical evolution of host material during the
initial eight cycles in different states. The XRD peaks at 18.6°, 29.4°
belong to BisSes, while the diffraction peaks of BiySs are located at
15.8°, 22.4°, 24.9°, 25.2° and 28.6° before discharge process (Fig. 6a).
The peaks of 17.4°, 21.7°, and 24.1°that consistently appear in the
contour plot derived from the stainless holder of the operando device.
When K" began to be inserted into the electrode, the open circuit po-
tential (OCP) suddenly dropped to around 1.1 V, starting the first step of
the Bi;S3/BisSes multiple conversion reactions. The diffraction peaks of
the pristine material gradually disappeared, accompanied by 22.3°and
25.8° (JCPDS No. 04-010-8024), 25.7° and 29.8° (JCPDS No. 04-005-
3293), which were assigned to the (211) and (220) facet of K3BiSes as
well as the (111) and (200) facet of KBiS,. As the voltage was continu-
ously discharged to 0.75 V, the peaks of KySe, KS and Bi appear
simultaneously at 19.9° and 32.9° (JCPDS No. 00-023-0470), 24.1° and
34.4° (JCPDS No. 01-074-1030), and 27.2° (JCPDS No. 00-044-1246),
respectively. Notably, the low-crystalline KoS and KySe can be
confirmed by operando and ex-situ Raman spectrum (Figs. S32 and S33),
indicating that the intensive signals of both weak crystalline substances
existed at around 131 cm ™! and 252 cm ™! in the discharge state [64,65].
On account of the formation of Bi metal, the potassiation process can
proceed from stage II to stage III, progressively alloying with K™ and
forming the diffraction peaks of KBiy at 16.1°, 31.1°, and 32.5° (JCPDS
No. 04-010-8776). As the voltage was further discharged to 0.01 V, the
characteristic peaks at 18.4°, 28.9°, 29.6° and 34.5° belonging to the
(101), (110), (103), and (201) facet of K3Bi (JCPDS No. 04-003-7091),
declaring the completion of the alloying reaction. After the depot-
assiation process, the diffraction signals of the K3Bi phase were con-
verted to the KBi; phase (stage IV), which then proceeds to dealloy to Bi
(stage V). The reverse conversion reaction also continued to form the
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final phase K3BiSes and KBiS,, suggesting the BisSes and BiyS3 are
irreversible phases in PIBs (stage VI) [66,67]. Therefore, the K' at 2nd
cycle of conversion reaction reacted with the K3BiSe3 and KBiS, (stage
VII). The magnified display of the partial interval in the range of
16°—32° provides clearer evidence to confirm the repetitive character-
istic peaks of conversion and alloying intermediates, while the subse-
quent depotassiation show a similar process to that of the 1st cycle. This
result confirms the reversible multistep insertion/extraction mechanism
of K* based on the conversion-alloying dual mechanism (Fig. 6b).
Moreover, the composition of product at discharge and charge states can
also be verified via ex-situ XPS spectrum. As shown in Fig. 6¢, d (full
survey XPS spectrum in Fig. $34), the binding energies of NSOz, SO2F
and SO3 functional groups originating from the electrolyte can be
detected [68]. As discharged to 0.01 V in Fig. 6¢, the two pairs of doublet
peaks of Bi® 4f and Bi®>* 4f with binding energy of 162.9 and 157.8 eV,
164.1 and 159.0 eV, respectively, are associated with the formation of
K3Bi alloy and surface oxidation of electrode, while the 161.2 and 162.0
eV of S 2p correspond to the KyS phase. When returned to the fully
charged state in Fig. 6d, the intensity of the Bi® 4f peak decreases
slightly, implying that K3Bi (Bi valence: 0) is mainly transformed into
KBiS, and K3BiSes (Bi valence: 37) with a small amount of Bi metal (Bi
valence: 0). The slightly deviated peaks of S 2p at 161.3 and 162.1 eV
indicate the existence of KBiS; due to the electronegativity (EN) of Bi 3*.
The position of the binding energy of an element depends on the
oxidation state of the element and the local chemical environment. In
the case of inserting a sample by adding another element, if the EN of the
inserted element is higher than the base element, the electron density
around the base element decreases and the binding energy increases.
Conversely, if the EN of the inserted element is lower than the base
element, the electron density around it increases and the binding energy
decreases, leading to a red shift in binding energy position [69].

The visual morphology and phase evaluation of host material during
cycling test are also investigated in Fig. 7. When discharged to 0.6V
(Fig. 7a), the post-mortem TEM images display the well-wrapping
structure of BiyS3/BizSes vdWHs. The products formed by the conver-
sion and alloying reaction are clearly revealed via the SAED pattern
(Fig. 7b) and HRTEM image (Fig. 7c), consistent with the results and
details of the operando analysis. The crystal lattice fringes of conversion
products with the d-spacing of 1.57 and 2.31 A, 2.6 A, and 3.28 A can be
assigned to the (422) and (311) plane of KsSe, the (220) plane of KsS,
and the (012) plane of Bi metal, respectively. The KBi, intermediate of
alloying reaction have a spacing of 3.36 and 2.38 A, corresponding to
the (220) and (400) phase, respectively. As fully discharged to 0.01 V,
the complete alloying reaction are conducted, fitting the related lattice
planes of K3Bi, including the (110), (101), (201), (103) facet with
spacings of around 3.09, 4.80, 2.60, and 3.01 A, respectively (Fig. 7e, f).
During the charging process (to 3.0 V), the lattice fringes and spacings of
reversible conversion phases (K3BiSe3 and KBiS5) are presented in the
Fig. 7h, i, and their interplanar distance of 3.09, 2.12, 3.0 A correspond
to the (310), (220), and (200), respectively. Besides, the corresponding
databases of KBio, K3Bi, Bi, K5Se, K5S, K3BiSes, KBiS, are attached in
Supplementary Table 2. Furthermore, the presence of Bi metal is
reasonable for the products of the initial conversion reaction of BiySg
and BisSes. The electrolytes used in the half-cell and operando cell are
different due to volatile nature of DMC solvent, which would result in
drying of the glass fibers. Therefore, the post-mortem SEM images and
corresponding voltage profiles are shown in Figs. S35 and S36. It is
worth mentioning that the post-mortem morphology of fully discharge
state and charge state (Fig. 7d, g) showed no obvious phase separation of
heterostructures. The HAADF image and EDS mapping results of cycled
BiyS3/BisSes vdWHs still maintain the heterostructure of BizSs3/BizSes
due to the more outer distribution of S element mapping (two red dash-
line region in Fig. 7j) than that of Se. Through operando/ex-situ XRD,
Raman, XPS, TEM analyses, of the cycled vdWHs, the electrochemical
evolution is illustrated in Fig. 6e. The proposed mechanism is summa-
rized as follows
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Fig. 6. Analysis of K" storage mechanism in Bi»S3/Bi»Ses vdWHs. (a) Contour plot of the operando XRD pattern with magnified display ranged from 15 ° to 36 °. (b)
The magnified display of the partial interval in the range of 16°-32° during different states of discharge and charge process for initial two cycles. (c, d) XPS spectra of
Bi 4f and S 2p after discharging to 0.01 V and charging to 3 V at the initial cycle. (e) Schematic illustration of the K* storage mechanism during conversion and
alloying reaction.
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vdWHs: (a—c) discharged to 0.6 V, (d-f) discharged to 0.01 V, and (g-i) charged to 3.0 V. (i) EDS elements mapping of Bi,S3/Bi>Se; vdWHs after charging to 3.0 V.
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The main features of BizS3/BizSes vdWHSs can be attributed to the
following aspects: (i) Effective and rational control of kinetic reaction
during vdWs epitaxy: the relatively small mismatch between the lattice
constants of c-axis for orthorhombic Bi»S3 and the a- and b-axis for the
rhombohedral BisSes could be responsible for the preferential growth of

800

[001]-orientated Bi,S3 nanowire on the top faces of (001)-orientated
hexagram BizSes nanoplates along the six symmetry directions of BisSes.
Therefore, Bi,S3 nanowires grew to form interconnected structures, and
each bundle of nanowires was aligned in six directions of the 2D BiySes
crystal structure. According to Bragg’s law, HRTEM images and SAED
patterns reveal that the (010) plane of [001]-orientated BiySs and the
(001) plane of [hkO]-oriented BipSes in vdWHs. We used the two planes
for heterojunction simulations. (ii) The built-in electric field induced by
the p-n junction between BisSe3 and BiySs accelerates ion/electron
diffusion and reduced the activation barrier for electron transfer as
demonstrated by EIS and GITT. Based on electron density difference and
DOS simulations between the heteroatomic interfaces, a p-n hetero-
junction with a built-in electric field can be formed to facilitate the
charge transfer between BiySes and BiySs in the network-contact het-
erointerface. According to the Raman spectroscopy results, the hetero-
structure is assembled by vertical vdWs epitaxy, which can effectively
avoid lattice mismatch and further alleviate lattice distortion compared
with covalently bonded heterophases [70,71]. (iii) The unique archi-
tecture effectively ensures the synergetic enhancement of distinct redox
plateaus and co-contribution of excellent physical features. Consistent
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with the comparison of GCD curves and simulated diffusion and
adsorption, the enhanced adsorption energies of KoS and KsSe in the
heterointerface confirm the excellent cycling ability of BiyS3/BisSes
vdWHs. Meanwhile, the adsorption ability and diffusion barrier for K
ions must be trade-off to give the optimal value within heterostructure.
Under suitable K ions adsorption energy, the electrochemical kinetic
diffusion exhibits stable and fast diffusion coefficient and low R and
diffusion impedance after 200 cycles of charge-discharge procedures. In
the operando XRD analysis, the reversible K3BiSes and KBiS; phase are
revealed and consistently contributed to the greater capacity retention
than materials without regular assembly and junction engineering. Due
to the robust heterostructure, post-mortem TEM also revealed the exis-
tence of a heterointerface with distinct outer and inner distribution of S
and Se, respectively, accompanied by reversible phases at each step of
electrochemical redox reaction [72-74].

2.5. Potassium-ion full battery and hybrid capacitor

The regularly assembled BisS3/BisSes vdWHs overcome the intrinsic
drawback of individual BisSe; and BisS3 and provide a feasibility for
assembling with other cathode materials into full cell systems in PIBs
and PIHCs. Due to the high oxidation potential of the conversion prod-
ucts (e.g., Ka2S, KsSe), organic cathodes (e.g., PTCDA) cannot meet high
working voltages over 3.5 V. Prussian blue analogs (i.e., KFeHCFs and
KMnHCFs) not only cover the voltage range of the anodic conversion

(@),.4

~
=
~

Energy Storage Materials 51 (2022) 789-805

reaction, but also maintain excellent cycling performance [75,76].
Hence, Prussian blue nanoparticles, i.e., KyFeo(CN)g (KFeHCF), were
used as the cathode material for coupling with Bi»S3/BisSes vdWHs in
this work. The KFeHCF cathode used in the PIB full cells are synthesized
by a co-precipitation method, and all the diffraction peaks of
as-prepared material in Fig. S37 are identified [77,78]. The KFeHCF
cathode displayed a stable capacity of 63 mA h g~! (Fig. $38). As shown
in Fig. 8a, the overlapping shape of the CV curves in the PIB full cell
initially indicates that the two pairs of redox peaks (1.37/2.86 and
3.07/3.4 V) can be identified with high reversibility. Typical GCD pro-
files of BiyS3/BipSes vdWHs//KFeHCF full cell in Fig. 8b at current
density of 250 mA g~!, based on active mass of cathode with
cathode-limited program, show the same values compared to the theo-
retical capacity of KFeHCF half battery. The relevant plateaus of GCD
curve of full cell are consistent with the result of CV profile. Notably, a
complete redox reaction of alloying and conversion in the anode pro-
vided a considerable specific capacity (blue dash line of Fig. 8b),
resulting in different capacity contributions in the anodic or cathodic
confined state. The BiyS3/BizSes vdWHs// KFeHCF full cell (Fig. 8c, d)
delivers reversible capacities of 91, 80, 64, 56, 52, and 43 mA h g’1 at
current densities of 50, 125, 250, 500, 1000, and 1250 mA gfl,
respectively. When the current density reaches 1250 mA g™}, an obvious
overpotential causes a light displacement of plateau. Despite this, due to
the high charge-discharge plateaus, BizSs/BisSes vdWHs//KFeHCF full
cell can achieve a high energy density of 208 Wh kg™! and a power
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2 nd 3-‘|‘ v = ¥ S e Bi,S,/Bi,Se, vdWHs half cell < asd
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Fig. 8. Electrochemical characteristics of Bi,Ss/BisSes vdWHs//KFeHCF full cells for K* storage in PIBs. (a) The CV profiles at a scan rate of 1 mV s ! and (b) the
GCD curves of a half cell and a full cell. (¢, d) Rate capability when the current densities is in the range from 50 to 1250 mA g ! and (e) the corresponding energy
densities and power densities in Ragone plot. (f) Long-term cycling performance at 250 mA g~ . The inset shows a digital picture of the voltage profiles and lighting
test. (g) Comparison of the electrochemical performances pairings with cathode in Prussian blue analogues.
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density up to 2678 W kg ™! recalculated based on total active materials of
both electrodes in Fig. 8e. The calculation equations are followed the
usual method for battery system [79]. Furthermore, the long-term
cycling performance of BiySs3/BiaSes vdWHs//KFeHCF full cell exhibits
an ultrastable retention of 88.9% after 850 cycle at current density of
250 mA g}, with an initial capacity of around 64 mA h g ! (Fig. 8f). The
insets of Fig. 9f shows the voltage profiles for 400 cycles and 800 cycles,
indicating the high reversibility of potassiation and depotassiation re-
actions. The lighting test of coin-type full cell is performed by lighting 54
red light-emitting diodes (LED) bulbs with a working voltage of 1.7—2.0
V (Fig. S39). In addition, the energy density of the PIB full cells is
compared with that the reported literatures of Prussian blue analogues
as cathodes (see Table S3 for detail data) [80-86]. The battery capacities
and their voltage window are illustrated in Fig. 8g. We recalculated the
rate capacity (red points) and cycling performance (pink points) in the
comparison pattern, with red and black arrows indicating different
states of current rate increase and initial/final states of cycling tests,
respectively. It is noteworthy that the excellent performance of
Bi;S3/BisSes vdWHs//KFeHCF full cell is in good agreement with the
stable contribution of conversion and alloying reaction.

Furthermore, we composed asymmetrical PIHC devices constructed
by BiySs3/BisSes vdWHs anode and a commercial activated carbon (AC)

~
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Energy Storage Materials 51 (2022) 789-805

cathode to highlight the advantages of heterostructures in electron and
K ion transfer capabilities. The operating mechanism of PIHCs is based
on the Faradaic reaction of K* at the anode and non-faradaic reaction of
FSI anion on the cathode [87]. The individual redox peaks of half and
full cells in CV curve of Fig. 9a. The polarization of CV curve reveals that
electrolyte decomposition may occurs when the working voltage is
higher 3.8 V. At high cutoff voltage of 0.5-3.9 V, this crucial parameter
will increase the energy density and power density considering the in-
tegral and covert equation [88].

tl
I
E=CxV=— /V(t)dt:PXt 5)
m
t

Note that C, V, I, m, and t are specific capacity, operating voltage,
constant current, overall active mass of cathode and anode, and period
of discharge, respectively. Obviously, the CV curve of BiyS3/BisSes
vdWHs//AC shows a lower polarization shape compared with the sharp
redox peaks in BiyS3/BisSe3 vdWHs half cells, indicating a pseudo-
capacitor-like behavior. The GCD profile are given in Fig. 9b, the
reasonable displacement of plateaus is consistent with individual cath-
ode and anode at current density of 50 mA g~!. Due to the co-
contribution of Faradaic and non-Faradaic behavior, the voltage
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Fig. 9. Electrochemical characteristics of Bi»S3/Bi>Sez vdWHs//AC PIHCs. (a) CV curves and (b) normalized GCD curves of a half cell and a full cell. (c, d) Rate
performance at the current densities range from 50 to 3000 mA g~ '. (e) Ragone plot of the Bi,Ss/BisSes vdWHs//AC PIHC full cell in comparison with the reported
PIHCs. (g) The long-term cycling performance at 1000 mA g~ ': the retention capacity after for 3000 cycles is 77.4%. The insets present the voltage profiles and the

demonstration digital picture in LED bulb lighting.
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profiles exhibit a non-isosceles triangle curve according to the coupling
of conversion-type anode and adsorption-type cathode. As shown in
Fig. 9¢, d, the BiyS3/BisSes vdWHs//AC full capacitor achieves the en-
ergy densities of 158, 143, 122, 103, 68, and 43 Wh kg’lat the current
density of 50—2000 mA g}, respectively, based on the total active mass
of BisS3/BisSes vdWHs and AC. When returned to 1000 mA g’l, the
energy density of PIHCs recovers to 101 mA h g~!. In addition, the
Ragone plot is a graph of specific energy versus specific power, with two
logarithmic axes allowing the performance of different system to be
compared. The electrochemical performance of BiyS3/BisSe3 vdWHs//
AC is comparable with other hybrid PIHCs, including Cag 5Ti2(PO4)s@C
//AC, [89], NbSey/NSeCNFs//AC, [90] MoSy/3Se4,3/C-HNT//AC, [91]
TiO2/C@NPSC//ZDPC, [92] FeSeya/NC//AC, [93] CoP@rGO//AC,
[94] N-CNTs//3D-LSG, [95] NHCS//ANHCS, [96] WS2@NCNs //NCHS
[97], as presented in Fig. 9e and Table S4. The cycling performance of
PIHCs delivers attractive energy density of 106 Wh kg~" at high current
density of 1000 mA g~'. After 3000 cycles, the retention of energy
density is 77.4%, and the voltage profiles (insets of Fig. 10f) at 1000th,
2000th, and 3000th retain the similar shape without obvious over-
potential during rapid ion-transfer process. Meanwhile, the Bi»S3/BisSes
vdWHs//AC PIHC also lighted up 82 red LED bulbs as shown in the inset
of Figs. 9f and S40. The outstanding performance of BiyS3/BisSes
vdWHs//AC full cells should be attributed to the advantages, including
proper adsorption energy, sufficient diffusivity, and structural durability
during fast ion transport.

3. Conclusions

For the first time, BiyS3/BisSe3 vdWHs were fabricated with an
efficient and rational design strategy via kinetics and mass transfer
control with stabilizers and viscous solvents. The electrochemical ki-
netics and retention of the conversion reaction are significantly
enhanced by the abundant network contacting the heterogeneous
interface, as verified by both experiments and simulations. The lattice
distortion and structural durability between BisSe3 and BiyS3 are well
preserved during charge-discharge procedure due to the ordered as-
sembly of vdW heteroepitaxy. Therefore, the engineering of the heter-
ojunction not only changes the trapping ability of the active
intermediates and the electronic properties of the heterostructure, but
also facilitates the diffusion of K ions with suitable adsorption energies.
Due to the low diffusion barrier, K ions are easily adsorbed to the surface
of the BiyS3 nanowire network first, and then diffuse into the void space
between each bundle of nanowires through the six pathways constructed
by the regular growth of nanowires. Afterwards, K ions are shuttled into
the heterointerface and BiySes nanoplates. Due to the topological effect
on the surface of BiySes, the smaller energy bandgap and electrical
conductivity of BiySes can further facilitate the electron transfer in the
interconnected structure, so that the charges are uniformly distributed
around the whole heterostructure. The construction of the p-n hetero-
junction forms a built-in electric field between Bi,S3 and BisSes, which
provides an efficient shortcut for lateral and vertical charge transport.
Even after the cycling process, the charge-transfer resistance and
diffusion-controlled impedance of BiyS3/BizSes vdWHs are much
smaller than those of the hybrid BiyS3 and BipSes materials without
heterojunction (M-BSS). Electrons and K ions can still be easily trans-
ported through the inner and outer surfaces of the heterostructure,
accompanied by reversible conversion reactions verified by operando
and ex situ analyses. Notably, the PIB and PIHC full cells exhibit excel-
lent cyclability and rate capability in the Ragone plots due to the high
operating voltage window and capacity performance. Given the
outstanding performance of regularly assembled vdWHs with network
contact interfaces, our study can provide a reference and a reliable route
to next-generation rechargeable energy storage through proof-of-
concept experiments.
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