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ABSTRACT: Metal oxides are considered as prospective dual-
functional anode candidates for potassium ion batteries (PIBs)

Dual conversion-alloying mechanism

and hybrid capacitors (PIHCs) because of their abundance and '? ™~ .. har .:"7/\:". ~ /_:
high theoretic gravimetric capacity; however, due to the o oD il &'
» ¥ ¢ & e §

inherent insulating property of wide band gaps and deficient
ion-transport kinetics, metal oxide anodes exhibit poor K'
electrochemical performance. In this work, we report crystal
facet and architecture engineering of metal oxides to achieve
significantly enhanced K' storage performance. A bismuth
antimonate (BiSbO,) nanonetwork with an architecture of
perpendicularly crossed single crystal nanorods of majorly
exposed (001) planes are synthesized via CTAB-mediated
growth. (001) is found to be the preferential surface diffusion
path for superior adsorption and K* transport, and in addition, the interconnected nanorods gives rise to a robust matrix to
enhance electrical conductivity and ion transport, as well as buffering dramatic volume change during insertion/extraction of
K. Thanks to the synergistic effect of facet and structural engineering of BiSbO, electrodes, a stable dual conversion-alloying
mechanism based on reversible six-electron transfer per formula unit of ternary metal oxides is realized, proceeding by
reversible coexistence of potassium peroxide conversion reactions (KO,<K,0) and Bi,Sb, alloying reactions (BiSb < KBiSb
© K;BiSb). As a result, BiSbO, nanonetwork anodes show outstanding potassium ion storage in terms of capacity, cycling life,
and rate capability. Finally, the implementation of a BiSbO, nanonetwork anode in the state-of-the-art full cell configuration of
both PIBs and PIHCs shows satisfactory performance in a Ragone plot that sheds light on their practical applications for a
wide range of K'-based energy storage devices. We believe this study will propose a promising avenue to design advanced
hierarchical nanostructures of ternary or binary conversion-type materials for PIBs, PIHCs, or even for extensive energy
storage.
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devices, electric vehicles, and large-scale grid integration platform. Compared with sodium ion (Na*), the weaker Lewis

equipment, the demand is constantly growing for acidity of K" achieves high ion conductivity due to its low
lithium-ion (Li*) energy storage devices (eg, lithium-ion
batteries (LIBs) and lithium-ion hybrid capacitors
(LIHCs))."” However, the major concern for the further
availability and scale-up of Li* storage devices is the uneven
distribution of Li resources and the limited global reserves for
the depletion of Li raw materials.”* Potassium (K) has
electrochemical properties similar to Li, abundant reserves,
and relatively low cost, making K" energy storage an attractive
Li* alternative.’™” The low standard redox potential of K*/K
(—2.93 V vs —3.04 V for Li*/Li) enables relatively high battery

B ecause of the rapid development of portable electronic voltages to operate electrode materials at a suitable voltage

solvation energy in the electrolyte.* '® However, due to the
large ion radius of K* (1.38 A vs 0.76 A of Li"), the electrode
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Scheme 1. BiSbO, Nanonetwork Electrode and Its Working Mechanism for K* Storage and Applications on PIBs and PIHCs"

Dual conversion-alloying mechanism

“BiSbO, nanonetwork composed of interconnected nanorod architecture enhances electric conductivity, ion transport, as well as buffering dramatic
volume change during K* insertion/extraction via preferential surface diffusion paths for superior adsorption and transport of K* to proceed a stable
dual conversion-alloying mechanism of ternary metal oxides. The implementation of the BiSbO, nanonetwork in full cell configuration of PIBs and

PIHCs is demonstrated.

structure is irreversibly deteriorated upon repeated insertion/
extraction of ions. The slow Faraday reaction and the fast
capacitive reaction results in imbalance kinetics, irreversibility,
and short lifespan for potassium ion batteries (PIBs) and hybrid
capacitors (PIHCs). Therefore, carbonaceous materials, a
widely used anode for Li* energy storage devices, suffer from
the disadvantages described above and present a relatively low
theoretical capacity less than 300 mA h g™' (e.g, KCg: 279 mA h
g™1).""7" Recently, conversion/alloying-based materials (e.g,
metal oxide, and metal chalcogenides) have been regarded as
promising anode candidates for PIBs and PIHCs.'*”"” In the
cycling process, the electrode undergoes a series of various
physical (e.g,, diffusion, adsorption of ion, and structural surface
tension) and chemical changes (eg, alloying, conversion
reactions, and side effects in electrolyte) which needs the
optimization and engineering of the structure and composition
of electrodes to achieve reversible K chemical reactions.'®"”
Metal oxide materials are earth-abundant, environmentally
friendly, and easy to fabricate on a large scale.””?! When used as
a storage device anode, the conversion/alloying reaction
transfers more electrons than other materials, so it is expected
to obtain a higher specific capacity/capacitance than carbon-
based materials.””> However, metal oxides are generally
considered as wide band gap semiconductors or even insulators.
Therefore, poor ion transport kinetics and electric conductivity
lead to low ion diffusion coeflicients and high resistance, causing
severe capacity decay.”’ During the conversion/alloying
reactions between metal oxides and K*, a dramatic volume
change (~400%) occurs, resulting in pulverization of the
electrode film. To overcome these drawbacks, the most widely
used strategy is to reduce the size and incorporate them with
carbon coating/composites.”* Although a nanoscale material
shortens the diffusion ion transport path inside the electrode
matrix, the increase in grain boundaries inevitably results in solid
electrode resistance. Several integration approaches of carbona-
ceous materials, such as coating carbon shells, carbon nanotube,
and graphene, were introduced to improve electrical con-
ductivity of metal oxides for rapid charge transfer and enhanced
structural stability.”> >’ However, metal oxide/carbon compo-
site electrodes often contain up to 20—50% carbon content,
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which are carbonized at high temperatures above 500 °C, and
thus, their structural morphologies are mainly determined by the
carbon scaffold.

Engineering the crystal surface and structure of metal oxides
may improve K' storage performance. For instance, the surface
energy highly depends on the crystal orientation, where the
exposed surface can promote the interfacial effects of favorable
adsorption and diffusion pathways to improve ion diffusion,
adsorption, and deposition.’® Dathar et al. compared the surface
energies of various pathways of Li" jumping into FePO,
structure.”’ Density functional theory (DFT) simulations
show that the entrance of the channel can be regarded as a
rate-determining step in electrochemical dynamics that
determines the most possible jumps in surface diffusion.
Furthermore, certain high surface energy interfaces may attract
more Li*, thereby increasing the reversible capacity or reducing
the activation energy of diffusion pathways. For example, Pan et
al. found that the diffusion of lithium ions to the SnO, (211)
surface is much easier than to other surfaces and that the high
surface energy of the highly exposed (211) surface can attract
more Li* to accelerate the oxidation reduction reaction kinetics,
thus increasing the specific capacitance as electrodes for hybrid
type capacitor.”” It is worth noting that if the architecture is
designed to be interconnected together, it will be useful to
enhance the structural stability and ensure the efficiency of
electron transport, which have been demonstrated in several
assembled metal oxide nanonetworks such as nanowire clusters
and honeycomb structure.”>** However, the in-depth concept
of preferential diffusion pathway of ions and electron transfer has
rarely discussed in the K* storage system.

Herein, we report a metal oxide electrode, BiSbO, nanonet-
work, which is an architecture composed of perpendicularly
crossed single crystal that achieves enhanced K' storage. Scheme
1 depicts the K* storage mechanism of the BiSbO, nanonetwork
and their uses as anodes on PIBs and PIHCs. The BiSbO,
nanonetwork electrode has the following advantageous
characteristics: (1) network composed of tightly connected
rods reduce particle aggregation, pose higher mechanical
strength, and provide multichannel electronic/ionic pathways.
The interconnected structure well aligned in the certain
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Figure 1. (a) Morphology characterization in SEM images of BiSbO, samples in a hydrothermal method with addition of 75 mg of CTAB. (b)
High-magnification TEM images of the BiSbO, network. The insets present the low-magnification TEM image of the BiSbO, network. The
HRTEM analysis, SAED pattern, and scheme of (¢,d) single nanorod on BiSbO, network, (e—g) (001)-orientated plane, (h—j) (010)-orientated
plane, and (k) EDS elements mapping of a BiSbO, network. Material characterization of (1) XRD patterns, and (m) Raman spectra of BiSbO,
powders, BiSbO, nanorods, and BiSbO, networks. High-resolution XPS spectrum in (n) Sb 3d and O 1s and (o) Bi 4f region.

directions enhances the surface diffusion at the interface with the
electrolyte. The void space between each rod is capable to
withstand volume expansion/contraction stress. (2) Exper-
imental results of electrochemical impedance spectroscopy
(EIS) and galvanostatic intermittent titration (GITT) com-
bined with theoretical density functional theory (DFT) reveal
that the exposed (001) plane falls on the lowest energy barrier
for K* along the aligned diffusion tunnel. This preferential
diffusion path enables enhanced adsorption and migration of K*
as well as highly efficient charge transfer. (3) The surface and
structure regulation can further facilitate the dual reversible
conversion-alloying reactions of BiSbO, electrodes with K*. The
initial formation of potassium oxide (K,0) can reduce the
volume expansion that occurs between the Bi and Sb atomic
layers, thereby allowing the Bi,Sb, alloying reactions (BiSb <
KBiSb < K;BiSb). Moreover, the simultaneous conversion
reaction of potassium peroxide (KO, <> K,0) also contributes a
considerable amount of capacity. Therefore, among the
currently reported metal oxide anodes, BiSbO, exhibits the
most balanced K* storage properties. Finally, we fabricated a PIB
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full battery coupled with Prussian blue nanoparticle (PBNPs)
cathodes and a PIHC full cell with activated carbon (AC)
cathodes to evaluate the feasibility of the BiSbO, network
anodes in the state-of-the-art storage systems.

RESULTS AND DISCUSSION

BiSbO,, of various morphologies were prepared by reacting
Bi(NO;);-SH20 with Sb,0j; in the presence of cetyltrimethy-
lammonium bromide (CTAB) via a hydrothermal approach at
180 °C. A network of metal oxide materials can be synthesized
via a CTAB-mediated crystal growth where CTAB is easily
ionized to form CTA" cations with hydrophobic alkyl chains as a
cationic surfactant.®® Because of the difference in surface energy,
it tends to be adsorbed on the specific surface of the nucleated
nanoparticle, resulting in an anisotropic network grow‘ch.36 As
shown in Figure Sla, without the addition of CTAB (CTAB-0),
spindle-like BiSbO, nanorods were formed. The amount of
CTAB greatly influences the final product morphology. In
Figure S1b, with the addition of 25 mg of CTAB (CTAB-25), a
nanonetwork composed of spindle-like rods was obtained due to

https://doi.org/10.1021/acsnano.1c09863
ACS Nano 2022, 16, 1486—1501


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c09863/suppl_file/nn1c09863_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c09863/suppl_file/nn1c09863_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09863?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09863?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWW.acsnano.or Article
g
0.4 _ 800 100 3.0
Scanrate: 0.1mVs' [ Tup . Q- z
0.2 = | < g 254
-~ : Reversed conversion < 600 80 g*. —~ Activation in H
E 00 g £ X 207 reversed conversion; /'
.U — - o . b 4
:: : Conversion E’ 4004 é g 1.54
5 024 Alloying 1 — 1" cycle g : 2/ o 11"-15" cycles
B —_n Ly =3 - O E—
3=" im C)‘C:c S 200 O Discharge = gﬁ
5 041 " oyele o O Charge 20 E g o0s
Alloying IT ———5 cycle E Coulombic efficiency =2
. g S > 00 :
0.6+ T T r T T T 0 T T T T 0 X T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 (g' 0 20 40 60 80 100 S 0 100 200 300 400 500
. + . + -1
(d) Potential (V vs. K'/K) Cycle number (e) Specific capacity (mA h g™)
o~ 000 = i : i ook 100 - 40
o0 3 s oo
= O o BiSbO, powder ~ M =
450+ : 80 o X
< O © BiSbO, nanorod 2 +¥ 2.0
E ; O o BiSbO, nanonetwork )
500 mA g’ 4 r60 -3 @
2 300 : = > 154
= =
= b z
) 2 o 101 —— BiSbO, powder
150+ <= 1) -
:: £ X 05 = BiSbO, nanorod
= =2 - —— BiSbO, nanonetwork
g 0 ; ; ; : . . . ; . Y y ,
(2‘ 0 100 200 300 400 500 600 700 800 900 1000 o 150 300 450

Cycle number

C

Specific capacity (mA h g")

@

Cycle number

= ; OCOC0000EPCR000003000000C00HE00CAC0Y 100 ~
o o 5 ; 2 0000fpoy Q
sl : : : =~
-: o2 1olu 200 300 500 750 1000 50 |go -
£ Unit: mA ¢ O o BiSbO, powder £ .
= 4001 Q © | BiSbO, nanorod i F60 E CR. (%)l SCL. (mA h g’l)
.g 8 ' BiSbO, nar;mnelwurk éom-ﬂl - — CuO
S i i 2 —— MnCo,0,
g 2004 e I — Bi,MoO,
) -(M'
§ A o) mm% S — BiL,WO,
g 0 : , ; ! : i : 0 2 — BiSHO,
& 0 10 20 30 40 50 60 70 g0 © (this work)

1000 5
Cycle number SCH.(mAhg")

Figure 2. Electrochemical performances of BiSbO, PIBs in half cells. (a) CV profiles at a scan rate of 0.1 mV s™. (b) Cycling performance at a
current density of 50 mA g . (c) GCD curves correspond to (b) from the 11th to the 15th cycle. (d) Long-term cycling performance at a current
density of 500 mA g™". (e) GCD curves in the 800th cycle correspond to (d). (f) Rate performance at various current densities from 50 to 1000
mA g . (g) Comparison results of initial Coulombic efficiency (ICE), specific capacity at low and high rates (SCL and SCH), long-term cycle
number, and capacity retention (CR) with other previously reported anode materials of metal oxide.

the relatively low capping ability of CTA*. When the amount of
CTAB was increased to 50 mg (CTAB-50), the spindle-shaped
rods transformed into nanorods with a smoother surface aligned
in specific directions (Figure S1c). Figures 1a and S1d reveal the
morphology outline of BiSbO, networks synthesized in the
presence of 7S mg of CTAB (CTAB-75). The formed network
structure is established by a plane with alength and a width close
to 1 ym and composed of straight nanorods with a length and a
width of approximately 200 and 50 nm, respectively. In addition,
when the amount of CTAB increases to 100 and 125 mg, the
growth of the (013) plane begins to compete with the growth of
the (004) plane (Figure S2). Transmission electron microscope
(TEM) images in Figures 1b and its inset show that the
interwoven meshwork is well established with interspersed
voids. In addition, the high-resolution TEM (HRTEM) image
shows the crystal lattice details and atomic arrangement (Figure
1c), where the nanorod grows along the [200] direction, and the
fringe spacingis 0.28, 0.25, and 0.37 nm, which can be indexed to
(200), (020), and (110), respectively. The selected area electron
diffraction (SAED) pattern of a single nanorod (Figure 1d) can
be indexed to a zone axis of [001], revealing an exposed facet of
(001). The SAED pattern of BiSbO, displays a spot pattern
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(single crystal) instead of a ring pattern (randomly arrangement,
polycrystalline). To present more clearly exposed facet of (001)
in BiSbO,, network, the schematic diagram in Figure 1e indicates
the different zone axes, illustrating that the exposed network
surface vertical to the zone axis of [001] belongs to the (001)
plane (red region). The TEM image and SAED pattern of
BiSbO, network in Figure 1f,g can also prove that the zone axis is
[001], which is perpendicular to (001) plane, and clearly
exhibited two growth directions (white and yellow arrow),
which is an architecture composed of perpendicularly crossed
single crystal. According to Bragg’s law, if we want to further
observe the d-spacing of the (001) plane, we must take an
HRTEM image from the side view of the BiSbO, network, as
shown in the Figure 1h. Therefore, the side-viewed HRTEM
analysis (Figure 1i) and SAED pattern (Figure 1j) demonstrate
the d-spacing and lattice spot of the (001) plane when the zone
axis is [010], respectively. The elemental composition measured
by energy-dispersive X-ray spectroscopy (EDS) (Figure 1k)
indicates that the as-prepared BiSbO, network is uniformly
composed of Bi, Sb, and O elements, and the detailed
distribution ratio is presented in Table S1.
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The X-ray diffraction (XRD) technique, Raman spectrum,
and X-ray photoelectron spectroscopy (XPS) were used to
confirm the purity, vibrational models, and elemental character-
istics to further investigate the structural properties and chemical
state of the BiSbO,,. All of the diffraction peaks in the selected 2-
0 angle range are illustrated in Figure 1], and the crystal phase is
labeled as BiSbO, (JCPDS no. 86-0126). The BiSbO, powder
was sintered at high temperature from the precursor of metal
oxides (Figure S3). Given that the factor groups of BiSbO, have
been computed on Raman-active modes in previous literature,
Figure Im shows the corresponding phonons of A, and B, types
at the zone center.’” The phonon doublet peaks at frequencies
near 140 and 161 cm™" are partially overlapped, which may be
attributed to the difference in crystallinity. As shown in Figure
S4, a full survey of the spectrum revealed the presence of Bi, Sb,
O, and C, which can be attributed to the environmental
conditions. In the Bi 4f spectrum, the characteristic peaks at
159.2 and 164.5 €V can be clearly distinguished as Bi—O
bonding by 4f core splitting into Bi 4f,,, and Bi 4f;, (Figure 10).
Specifically, the composition of the three distinct peaks in the
spectra of Sb 3d and O 1s were located at 530.2, 531.4, and 539.8
eV, respectively. The peaks at 530.2 and 539.8 eV can be
considered as the formation of the Sb—O bond, which is
consistent with the O 1s peak at 531.4 eV (Figure 1n). A slight
chemical shift of the binding energy with a single metal oxide
phase is proposed due to the variation of the oxidation states in
BiSbO,.” In Figure S5, several distinct peaks were observed in
the spectrum of C 1s, 284.8, 286.1, and 288.1 eV, which are
consistent with the Sp® hybrid carbon and the C—O bonds
derived from the ligand with surfactants. According to the
relative sensitivity factor (RSF), from high-resolution spectra,
the content of each element content is calculated and listed in
Table S2. To further identify that there is no carbon content in
this work, an NCSH element analysis instrument is used and
shown in Table S3.

The K" storage behaviors of BiSbO, were evaluated by a series
of measurements using metallic potassium as the counter
electrode in a coin-type CR2032 half cell. The cyclic
voltammetry (CV) curves of the BiSbO, nanonetwork at a
scan rate of 0.1 mV s™" are illustrated in Figure 2a, and the CV
curves of BiSbO, powders and rods are presented in Figure S6,
indicating that the discharge/charge curves have similar
characteristics. During the initial discharge, three cathodic
peaks can be observed. The first approximately 0.9 V can be
interpreted as the formation of the solid electrolyte interface
(SEI) layer by the decomposition of electrolyte. In the following
cycle, other cathodic peaks near 0.6 and 0.2 V disappear, which
can be ascribed to the irreversible conversion and alloying
process of BiSbO,. In the reversed process, the three anodic
peaks located in the interval between 0.6 and 1.8 V are related to
the dealloying process of K(Bi, Sb) and K;(Bi, Sb) and the
formation of KO,, where the continuous redox peaks overlap in
the subsequent CV curves that reveal the high reversibility and
stability of BiSbO, networks. Figures 2b and S7 show a
galvanostatic charge—discharge (GCD) test and voltage profile
of BiSbO,, networks at a current density of 50 mA g~', exhibiting
initial discharge and charge capacities of 692.7 and 397.4 mA h
g, respectively, corresponding to the initial Coulombic
efficiency of 57.4%. The initial capacity loss can be mainly
associated with the irreversible conversion process of BiSbO,
and the reduction of electrolyte during the growth of the SEI
layer. Owing to the activation of BiSbO,, the repeated insertion
of K" provides a large number of electrode active sites, and the
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capacity gradually increases. After 100 cycles, the electrode still
remained a reversible capacity of 368.5 mA h g~'. Moreover, the
GCD curves (Figure 2c) recorded at a current density of S0 mA
¢! reveal that the slight increase in capacity at the plateau is
consistent with the reverse conversion process in the CV
measurement. This activation may be attributed to the process
of conversion into KO,. The comparison of the long-term
cycling performance and corresponding Coulombic efficiency of
BiSbO, powder, BiSbO, nanorods, and BiSbO, nanonetwork
electrodes is displayed in Figure 2d. At the current density of 500
mA g, three samples can maintain extremely high stability
under repeated insertion and extraction of K, and all of the
capacities loss per cycle are not over 0.05%. In particular, the
BiSbO, nanonetwork exhibited a reversible capacity of 256.5
mA h g~' after 1000 cycles, whereas the BiSbO, powder and
BiSbO, nanorod can only deliver lower capacities of 127.4 and
185.1 mA h g, respectively. As shown in Figure 2e, by
comparing the corresponding charge/discharge curves of the
three samples after 800 cycles, details regarding the difference in
capacity contribution can be clarified. The reason for the lowest
capacity of BiSbO,, powder may be due to the large particle size
of its structure, which restricts K* diffusion from the surface to
the interior part. The short plateau at lower potential (0.5 and
0.25 V) and almost perpendicular voltage profile at higher
potential indicate that the conversion and alloy reactions are not
complete. However, both the BiSbO, nanorod and BiSbO,
network show a slight increase in capacity at high potentials,
whereas the BiSbO, network can obtain an extended platform at
low potential. Therefore, the specific capacity and cycle stability
of the network structure are much better than the other
morphology, which is more suitable for K* storage. Figure 2f
shows the rate performance of BiSbO, of various morphologies
at different current densities. Among them, the BiSbO,
nanonetwork exhibited superior cycling responses of 331.5,
307.8,292.5,275.9,240.2,203.1,and 167.1 mA h g_1 at current
densities of 50, 100, 200, 300, 500, 750, and 1000 mA g_l. In
contrast, BiSbO, powder delivered the lowest rate capabilities
under the same conditions, which are 162.4, 148.2, 125.4, 113.7,
96.8, 79.6, and 54.7 mA h g_l, respectively. When the current
density was returned to S0 mA g~', the BiSbO, nanonetwork
also showed higher reversible K* storage than the BiSbO,
powder and the BiSbO, nanorod. It is worth noting that all
three samples have a capacity decay phenomenon at a current
density of 50 mA g~', which also occurred in other literature on
metal oxides for K* storage.”” We suspect that in the early stage
of cycling the slow kinetics can make the material transform as
fully as possible, in which its composition would gradually
change from BiSbO, to (Bi, Sb) and K, O via a dual conversion/
alloying reaction. However, because of its intrinsic poor
electronic conductivity, it can be inferred from Figure 2b,c
that the activation of the reversed conversion reaction gradually
improved and stabilized after about 10 cycles. After the early
stage, the capacities of the three samples were all returned to a
stable state at a current density of 1000 mA g~ (Figure S8).
Therefore, we believe that benefiting from more active sites
helps to increase the K* capacity in the network structure and
better migration conditions. The interconnected structure can
provide a continuous transition path for electrons and ion
diffusion, enabling efficient charge carriers in electrochemical
reactions and being beneficial toward reducing the polarization
caused by current changes. In the radar chart of Figure 2g, the
comparison of various metal oxide anodes without assistance of
carbonaceous materials in five aspects, including initial
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Coulombic efficiency (ICE), low rate specific capacity at S0 mA
g~' (SCL), high rate specific capacity at S00 mA g' (SCH), and
cyclability such as cycle number and capacity retention rate
(CR), are shown.””™*’ Owing to the inevitable capacity loss
inherent from the conversion mechanism, the irreversible
reaction involved in the first cycle requires that the ICE of all
metal oxides is less than 60%. The BiSbO, networks not only
deliver high gravimetric capacity at both low and high current
densities but also accomplish a cycle stability of up to 1000
cycles due to intercommunicated diffusion tunnels and the
robust framework of oxygen layer in BiSbO, nanonetwork.

To ascertain the detailed reason for the performance
improvement, conclusions can be drawn from the electro-
chemical impedance spectroscopy (EIS) test performed in the
range of 20 mHz to 100 kHz in Figure S9a. Apparently, after 100
cycles, the high-frequency semicircle of BiSbO, network
presents the smallest diameter in the Nyquist plot, implying
that the lowest total resistance associated with charge transfer
(R.) and formed SEI layer (Ry) in an analog equivalent circuit.
Notably, the cycle dominated Warburg coefficient (6) can be
determined by incorporating with Fick’s first law to obtain the
Butler—Volmer equation in the components of impedance (Z)
and frequency (@), which is equivalent to the slope derived from
the linear plot of —Im(Z) vs @~'/% Therefore, the diffusion
coefficient of K" can be further calculated according to the
following formula in the prevalence of diffusion and low
frequency range

0.5R’T?
Dw=—7333
An'F'Co
where R, T, and F are the ideal gas constant, thermodynamic
temperature, and Faraday constant, respectively, while other
algebras are the reaction condition of the electrodes. Among
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them, A denotes the electrode area and n represents the number
of transferred electrons, where the bulk concentration is
symbolized as C. As shown in Figure S9b,c, the difference
between the original state and the cyclic state of each electrode
further verifies that the migration of K* should be regulated by
the different affinities to the facets, and the diffusion coefficient
of K" in the BiSbO, network has been improved in the
magnitude of 107°=107"* cm® s™". To gain further insight into
the contribution of the diffusion-controlled process and surface-
controlled process to the K* storage kinetics and mechanism, we
analyzed the redox peak current of the CV curves at various scan
rates (Figure S9d). On the basis of the CV measurement, the
relationship between the peak current (i) and the scan rate (v)
follows the equation
i=a’

where a and b are constants in the power law. In particular, the b
value as the fitted slope of log(i) vs. log(v) qualitatively shows
the storage kinetics of the electrodes.”* For the diffusion-
controlled process, the peak current is proportional to the square
root of the scan rate (b value of 0.5), which is dominated by the
solid-state diffusion-limiting behavior. On the other side, the
peak current is proportional to the scan rate in the surface-
controlled process (b value of 1), indicating that the kinetic
behavior is related to the electric double-layer capacitive
response. As shown in Figure S9e, the b values of the anodic
peak and cathodic peak are 0.751 and 0.798, respectively, which
reflects that both the ion diffusion and the capacitive effect
participate in the kinetics of K between BiSbO, electrodes.
Furthermore, the contribution ratio to the capacitance in the
potential range of 0.01 to 3.0 V can be distinguished according to
the equation

i=ky+ k2v1/2
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Figure 4. Analyses of K* storage mechanism in BiSbO,. (a) Contour plot of the operando XRD pattern with magnified display ranged from 25°
to 28°. (b—e) XPS spectra of Bi 4f and Sb 3d after discharging to 0.01 V and charging to 3 V at the 1st and 100th cycle. (f) Differential plot of
GCD curve with identified reaction peaks. (g) Proposed reaction mechanism corresponding to GCD curve.

where k; and k, are the value of fitted slope and intercept in
linear plot of v vs v'/* by proportion of both the contribution of
surface control and the contribution of diffusion control (Figure
S9f).* As shown in Figure S9g, as the scan rate increases from
0.1 to 0.9 mV s7', the percentage of capacitive contribution to
BiSbO, electrodes increases from 27.69% of the total K* storage
to 58.12%, suggesting that the increase in scan rates induces
faster kinetics of the surface-dependent mechanism. Galvano-
static intermittent titration (GITT) measurements have been
carried out to further provide the diffusion coefficient and
migration barrier during discharge and charge process (Figure
S9h). On the basis of GITT profiles, the diffusion ability of K*

can be calculated quantitatively by mathematical derivation from

Fick’s second law
3 2 2
( ) ( ) ~ ] (T <

where n, and V, represent the molar number and molar volume
of the electrode while S represents the electrode—electrolyte
contact area.*® Notably, the median fraction composed by these
components can be simplified as the thickness of the overall
electrode (L), which can be determined by cross-section SEM
images in Figure S10. AE and AE, are denoted as the equipoised
voltage change induced by continuous current pulse and voltage
change during the constant current pulse, while 7 is the duration

LZ
D+

4
Dy = —
T
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T
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of the current pulse. The derived diffusion coeflicients of K*
were presented as homologous values to the state of discharge
and charge, ranging from 107'% to 107" and 107® to 107" cm?*
s~!, respectively (Figure S9i). Note that the inferior diffusion
property in the discharge process can be regarded as the
impediment from poor conductivity for charge transfer to
convert into fully alloying phases. During the charge process,
apparently, two sequential plateaus appear with different values
of diffusion coeflicient, indicating that the facile kinetics of two-
step depotassiation reaction of Bi and Sb ensure a rapid
movement of K*.*’

Moreover, we use the DFT calculation via the Vienna Ab initio
Simulation Package (VASP) by way of the projector augmented
wave (PAW) method to calculate localized interfacial behavior
of BiSbO, with respect to K" storage. The configurations of
(100), (010), and (001) and the symmetric layouts of (110) as
well as (1—10) are discussed in detail (Figure S11). When K* is
close to the material surface, it is noticeable that once the
possible termination of a certain surface is determined, the
adsorption site of K" can be calculated and the quantified value
can be further simulated (Figure 3a). In view of the fact that the
migration of K between the neighboring stable poses a great
influence on the surface charge transfer, it is also necessary to
consider the energy barrier between the initial and final stable
position. Figure 3b plots the adsorption energy of each facet of
BiSbO,, where the (010) facet possesses the lowest state (—4.22
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eV) to accommodate the K" in the oxygen hollow position.
However, regarding the diffusion path, the (010) facet must face
the huge energy barrier of 0.717 eV caused by the attraction of
surrounded oxygen atoms, whereas other facets of (100), (110),
and (1—10) are also prone to be confined into the hollow site of
oxygen (Figure $12). Notably, due to the open-tunnel structure,
the vacancy spaces aligned in the [100] direction are well
exposed on the (001) facet, which is proposed to promote K*
migration along the tunnel. Only the (001) facet exhibits a
sufficiently comparable adsorption energy (—3.78 V) with the
(010) facet and the lowest energy barrier of BiSbO, is 0.136 eV,
indicating a preferential reactive surface with K* (Figure 3c,d).
In addition, the deformation of the charge density revealing the
dispersion of electrons in accumulation and depletion confirms
the direction of electron transportation. Most of the charge in
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BiSbO, is concentrated around O atoms, and the dissipated part
islocated in the sublayers of K atoms and Bi and Sb atoms on the
(001) plane, indicating that the electron are easily transferred to
the metal layer to form an electron transport route. Based on the
theoretical results, it can be proposed that the crystal plane
evolution of the BiSbO, network in the (001) facet significantly
enhances the kinetic of the K' storage process due to
considerable interaction in the electrode/electrolyte interface.
The storage mechanism of K" in the BiSbO, nanonetwork was
also investigated by in situ XRD measurement. Figure 4a depicts
the in situ contour mapping in the selected 2-0 angle range to
interpret the phase evolution of the BiSbO, electrode during the
initial four cycles in different states. The peaks at 38.6° and 41.3°
are from the oxidation of the beryllium window in the in situ test
device, corresponding to BeO (JCPDS no. 35-0818). After
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inserting K* into the electrode, the potential suddenly drops to
around 0.4 V, beginning the conversion reaction of BiSbO,
(stage I). The intensive diffraction peaks of 27.3° 30.7°, and
36.8° are identified as (—112), (004), and (020) facets of
BiSbO, (JCPDS no. 86-0126), which gradually disappeared and
were accompanied by 25.5° and 40.5° pointing, respectively, to
the (111) facet of K,0 (JCPDS no. 77-2176) and the (110)
facet of (Bi, Sb) (JCPDS no. 07-9027). As the electrode
discharged further, a peak of 29.7° was observed near 0.15 V
(stage II), which is related to the fully alloying phase of K;(Bi,
Sb) (JCPDS no. 19-0935). It is worth mentioning that the weak
crystallinity in the (220) facet of K;(Bi, Sb) is related to the
activation according to the continuous change of the voltage. As
the reaction shifts to the charge process, the characteristic peak
of K(Bi, Sb) (JCPDS no. 42-0791) appears at around 0.6 V
(stage IIT) and is converted to (Bi, Sb) again at about 1.2 V
(stage IV), indicating the multistep dealloying reaction from
K;(Bi, Sb) to (Bi, Sb). In the fully extracted state of K*, no
detected peaks can be attributed to the pristine BiSbO, phase.
The peak of the K,O phase always exists but the intensity
becomes lower, and the KO, (JCPDS no. 39-0697) phase begins
to appear, which shows the in situ (Bi, Sb) alloying formation
and the reversible conversion of KO, around 1.6 V (stage V).
The magnified display of the partial interval in the range of 25°—
28° provides clearer evidence to confirm the repetitive
characteristic peaks of KO, and the diffraction fringes of K,O,
KO,, and (Bi, Sb), while the increasing intensity of (Bi, Sb)
further elucidates the ongoing activation. Different from the first
discharge process, on the contrary, the (Bi, Sb) alloying
transforms into the intermediate of K(Bi, Sb) and thereafter
continues to alloy with excessive K with the emergence of
K;(Bi, Sb) (stages VI and VII). The subsequent charging
process showed a process similar to that of the first cycle, thus
revealing the reversible multistep insertion/extraction mecha-
nism of K* based on both alloying and conversion reactions.*®
The composition of the unknown product during K" activation
was further verified by XPS, and the circulating electrodes were
in a different state after stabilization (Figure S13). As shown in
Figure 4b,c, the characteristic peaks of SO;~, SO,F~, and NSO,~
functional groups can be seen, which can be designated as the
interface composition derived from the electrolyte.”” When the
electrode is fully discharged, the doublet peaks of the Bi 4f
spectrum at 155.6 and 161.1 eV are mainly related to the
conversion to the K;Bi phase, whereas the absence of the K;Sb
phase implied the stepwise activation in the first cycle. After
returning to the fully charged state, the zero-valence peaks of Bi
remained slightly deviated, while the deconvoluted peak of
528.7 eV of the Sb 3d spectrum is considered to be the
decomposition of K—Sb—O bond. Therefore, the activation of
BiSbO, can be used for the cleavage of the bond between the
oxidation phase of the Bi—O and Sb—O bonds. Moreover, the
further results of the cycled electrode are also illustrated in
Figure 4d,e. In these two spectra, it is worth noting that the zero-
valence distribution has a lower binding energy in the discharged
state compared with the distribution in charged state, inferring
the reversible reaction between the alloying phase and metallic
phase.”” According to the remaining obvious peaks of Bi** 4f and
Sb** 3d core splitting, they come from the remaining compound
composed of Bi—O and Sb—O bonding, which does not
participate in the potassiation behavior. However, since the
binding energy of the O 1s spectrum around 532 eV overlaps
with the signal of the Sb 3d spectrum around 530 eV, the detail
of oxidation states is still unclear. Figure 4f illustrates the

1494

differential graph of the GCD curve marked with several
distinguished redox peaks. The multistep reduction peaks show
the conversion reaction of K,O at around 1.0 V and two-step
alloying transformation of (Bi, Sb) alloying around 0.6 and 0.15
V. The strong oxidation peak near 0.6 V is the first dealloying
process from K;(Bi, Sb) to K(Bi, Sb), while the one around 1.3V
is the second dealloying from K(Bi, Sb) to (Bi, Sb). The peak
near 1.8 V indicates the reverse conversion from K,0 to KO,
during the anodic process (Figure 4g).

The visual morphology and crystal structure during cycling of
BiSbO, nanonetwork was investigated. As shown in Figure 5a,b,
after discharge to 0.01 V, the TEM images reveal the well-
interconnected shape of the BiSbO, network with a uniformly
distributed SEI layer. The corresponding high-resolution TEM
images and SAED patterns detail the information about the
products formed by the reaction with K'. The lattice fringes with
a spacing of 0.361 and 0.312 nm can be designed as the (111)
plane of K,O and (110) plane of K;(Bi, Sb), respectively (Figure
Sc). At the fully charged state of 3.0 V, Figure Se,f shows a
further morphology of repeated K" migration, indicating that the
stable framework can effectually accommodate to the mechan-
ical stress derived from drastic volume change. From the high-
resolution TEM image and SAED pattern displayed in Figure 5g,
the lattice fringes with a spacing of 0.304 and 0.223 nm splitting
into two reflection rings can be indexed as (Bi, Sb) alloying and
(112) plane of KO,, and it is concluded that the primary BiSbO,
phase has irreversibly undergone conversion, resulting in
reduced (Bi, Sb) alloying. As shown in Figure 5d,h, the structure
is still maintained by the interwoven mesh structure after cycling.
Furthermore, the HAADF image and EDS mapping results of
the cycled BiSbO, network show that although the (Bi, Sb) alloy
is formed, there is no obvious phase separation (Figure Si).
Therefore, with the combined operando XRD, XPS, and TEM
analyses of the cycled electrodes, the reaction mechanism has
been schematically illustrated in Figure Sj. The proposed
reaction in conversion can be recognized and reasonable for
balancing the chemical equation with the reversible existence of
K,O and KO, phases.

Stage I:BiSbO, + 8K + 8e~
— (Bi, Sb) + 4K,0 (~0.6V)

Stage IT:(Bi, Sb) + 3K" + 3¢~ — Ky(Bi, Sb) (~0.15V)
Stage II1:K,(Bi, Sb) — K(Bi, Sb) + 2K* + 2¢” (~0.6 V)
Stage IV:K(Bi, Sb) — (Bi, Sb) + K™ + ¢™ (~1.2V)
Stage V:2K,0 — KO, + 3K" + 3e” (~1.6 V)

Stage VI:(Bi, Sb) + KO, + 4K" + 4e~
— K(Bi, Sb) + 2K,0 (~1.0to 0.6 V)

Stage VIL:K(Bi, Sb) + 2K* + 2e”
— K;(Bi, Sb) (~0.15V)

Inspired by the battery performance, diffusion kinetics, and the
mechanism in these indices of electrochemical assessment in half
cell devices, BiSbO, nanonetwork can be considered as a
promising anode material to overcome the intrinsic drawback
and provide a feasibility to further assemble with other cathode
materials into a full battery in PIBs and PIHCs. In half cells, the
infinite resource of K metal counter electrodes, also regarded as
reference electrodes, highlights the performance of offsetting the
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Figure 6. Electrochemical characteristics of BiSbO,//PBNPs full cells for K* storage in PIBs. (a) CV profiles at a scan rate of 1 mV s™* and (b)

GCD curves of a half cell and a full cell. (c,d) Rate performance where the current densities are in the range from 25 to 1000 mA g”" and (e) the
corresponding energy densities and power densities in Ragone plots. (f) Long-term cycling performance at 200 mA g~'. The insets show the
continuous voltage curve and a digital picture of lighting test. (g) Comparison of the electrochemical performances of Bi- and Sb-based anode

pairings with cathode in Prussian blue analogues.

voltage swing of the working electrodes, so that the
thermodynamic conditions of electrode and electrolyte in half
cells can be universally recognized at each current state.
However, the inevitable dendrite growth in repeated electro-
plating also raises concerns about electrochemical stability,
which hardly occurs in full cell devices.”"** Therefore, the
cycling stability and capacity distribution cannot be directly
predicted. On the contrary, considering the combined kinetics of
different mechanisms in energy storage, reversible ion transport
and relative voltage profiles are basically related to the capacity
ratio of the anode and cathode in full cells.

The PIB full cells coupled to the cathode of Prussian blue
nanoparticles (PBNPs) are fabricated, where the full cells are
designated as BiSbO,//PBNPs. PBNPs are synthesized via the
coprecipitation method under continuous stirring and feeding.
All of the diffraction peaks of the prepared product can be well
identified as the crystal phase of Fe,[Fe(CN)4]; (JCPDS no. 52-
1907) (Figure S14). As shown in Figures S15 and S16, CV
measurements and GCD tests reveal electrochemical properties
including stability and rate capability. The overlapping peaks in
the CV curves and the reversibility in the GCD curves indicate
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that the PBNPs half cell is in the proper voltage window of 2.0—
4.0 V. Therefore, the voltage range of the full cell of BiSbO,//
PBNPs has been conducted under 1.0—3.8 V, and two redox
couples of 1.86/2.61 and 2.65/3.21 V can be recognized with
high reversibility (Figure 6a). In Figure 6b, the typical GCD
curve of BiSbO,//PBNPs full cells at 200 mA g™, which are
calculated based on the mass of PBNPs, delivering high
reversible capacity and Coulombic efficiency compared with
the theoretical value of PBNPs half cells. Note that the complete
redox reaction of alloying and conversion in the anode provides
a considerable specific capacity and causes a difference in quality
between the anode and cathode. In particular, the plateaus in the
GCD curve of BiSbO,//PBNPs full cells can be distinguished
with the redox peaks of CV curves. As shown in Figure 6¢,d, in
terms of rate capability, the BiSbO,//PBNPs full cells exhibit
reversible capacities of 60.9, 56.8, 55.2, 53.7,49.9,46.9, 35.2, and
252 mA h g_1 at the current densities of 25, 50, 75, 100, 200,
300, 500, and 1000 mA g™, respectively. It is worth mentioning
that when the current density rises above S00 mA g~', an
overpotential appears and causes a slight displacement of charge
and discharge plateaus. Despite that, BiSbO,//PBNPs full cells
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Figure 7. Electrochemical characteristics of BiSbO,//AC PIHCs. (a) CV curves and (b) normalized GCD curves of a half cell and a full cell. (c)
Kinetic analysis measured in the CV curve at the scan rates from 1 to 50 mV s~ . (d,e) Rate performance at the current densities range from 50 to
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demonstration digital picture in LED bulb lighting.

still achieve a high energy density of 133.2 W h kg™' and the
power density up to 1966.3 W kg™' based on the total mass of
BiSbO, and PBNPs (Figure 6e). Furthermore, the long-term
cycling of BiSbO,//PBNPs full cells at a current density of 200
mA g~ ' shows an ultrastable capacity during 200 cycles, and the
capacity retention rate relative to the 10th cycle was 96.2%. The
inset illustrates the lighting test of 1.8—2.2 V orange light-
emitting diodes (LED) bulb. Notably, the high Coulombic
efficiencies and voltage profiles provided in the inset suggest the
high reversible K* insertion/extraction between the anode and
cathode in BiSbO,//PBNPs full cells (Figure 6f). We also
compare the electrochemical performance with the results of the
reported literature, in which the composition are cathode of
Prussian blue analogues and anode of antimony and bismuth
type materials.”*~*® The cell capacities based on the total mass
of the anode and cathode materials and working voltages are
illustrated in Figure 6g. We believe the overall cell capacity of
BiSbO,//PBNPs full cells can be further improved by pairing
with other cathodes of Prussian blue analogues with higher
theoretical capacity, thereby strengthening the energy density
while maintaining the power density as a constant. Nevertheless,
it is noteworthy that the excellent performance of BiSbO,//
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PBNPs full cells is in good agreement with the contribution of
alloying and conversion in K storage in half cells, highlighting
the practical application prospects for advanced energy storage
devices.

PIHCs composed of a BiSbO, anode and a commercial
activated carbon (AC) cathode (designated as BiSbO,//AC)
are assembled in an asymmetrical device, which is based on the
alloying/dealloying of K" on the anode side and adsorption/
desorption of FSI™ at the cathode side. The AC was used as is,
without any modification, which brings a high Brunauer—
Emmett—Teller (BET) surface area of 1467.43 m’ g™' in
mesopores (Figure S17). Specifically, given that related work in
FIS-based electrolytes has revealed that aluminum foil attrition
occurs when the working voltage is higher 4.0 V, the voltage
window of AC half cells should be adjusted between 2.0 and 4.0
V.>” In Figures S18 and S19, the CV curve and the cycle
performance of the AC half cells are examined and deliver a
specific capacity of 47.6 mA h ¢! at a current density of 50 mA
g~!, comparable to other carbonaceous materials in the cathode.
Figure 7a shows the individual redox peaks of half cells and full
cells, achieving appropriate synergistic effects in the alloying and
adsorption mechanisms, with a higher cutoff potential of 3.9V,
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which is a crucial factor to significantly reinforce the energy
density (E) and power density (P) considering the integral and
convert formula

t
E=I/ V(t)dt/m =P X t
tl

where I and t are the constant current and period of discharge
process and m is the total mass loading of anode and cathode. In
order to optimize the electrochemical performance of PIHCs,
the mass proportion of the anode to the cathode has been
adjusted to a ratio of 1, 1.5, 2, and 3, where the equivalent
configuration clearly demonstrates the best performing of the
Coulombic efficiency within 1000 cycles (Figure S20). There-
fore, based on a sufficient anode to cathode mass ratio of 1, the
BiSbO,//AC full cells maintains a quasi-rectangular profile even
at high operating voltages without noticeable voltage polar-
ization, which is different from the sharp redox peaks in BiSbO,,
half cells. It indicates a typical capacitor-like behavior for SCs.
The corresponding GCD curves are also provided in Figure 7b,
showing that the anode and cathode are consistent with the
reasonable displacement of the voltage plateau. Unlike common
linear features in ideal SCs, the slight change in slope in the 3V
range can be attributed to the Faradaic and non-Faradaic
features between the alloying-type BiSbO, anode and
adsorption-type AC cathode, which is consistent with the
plateaus in the CV curve. Furthermore, kinetics analysis was also
carried out by CV measurement at high scan rates (Figure 7c). It
is worth noting that the proportional increase shown by the peak
current has no obvious overpotential shifting, indicating that the
pseudocapacitive in BiSbO,//AC full cells is highly dominated
(Figure S21). As shown in Figure 7d, based on the total mass of
BiSbO, and AC, the BiSbO,//AC full cells can currently display
the energy densities of 117.9, 102.4, 87.6, 70.5, 44.1,and 23.2'W
h kg_l at the current densities of 50, 200, 500, 1000, 2000, and
3000 mA g™, which are usually equivalent to power densities of
100.5, 395.4, 987.6, 1881.5, 3262.6, and 39322 W kg_l,
respectively. In particular, the GCD curves at different current
densities show that the remaining plateau during the charge
process is about 3.2 V and that during discharge process is about
2.9 V, which is consistent with the CV results at various scan
rates (Figure 7e). Meanwhile, the Ragone plots based on the
energy density and power density of BiSbO,//AC PIHC and
other alloying-based hybrid PIHCs, including MoP@NC//
AC,*® Co,P@rGO//AC,” CaysTi,(PO,);@C//AC,” NbSe,/
NSeCNFs//AC,°" MoS, ;Se, ;/C-HNT//AC,*” and carbona-
ceous-based capacitors, such as N-CNT//3DLSG and NHCS//
ANHCS,*>** are presented in Figure 7f. The BiSbO,//AC
PIHC exhibits comparable electrochemical properties with the
recently reported PIHCs. In addition, as shown in Figure 7g, the
long-term cycling of BiSbO,//AC PIHCs can even achieve 4000
cycles at 2000 mA g™, and the energy density retention is 67%.
The insets not only demonstrate the lighting test of a red LED
bulb with a working voltage of 1.8—2.2 V but also present the
voltage curve of the BiSbO,//AC full cells in certain periods,
where the voltage range has been adjusted from 0.5 to 3.9 V,
thereby offsetting the unfavorable overpotential of IR drop at
high current density. The prominent achievement of BiSbO,//
AC full cells should be ascribed to the merits, including proper
adsorption, adequacy of active sites, high reversible capacity
associated with the Faradaic process, and robust durability in
rapid ion transport.

1497

CONCLUSIONS

In conclusion, the introduction of BiSbO, nanonetwork
constructs advanced the architecture of metal oxide and
proposes the synergistic role of facet and structural engineering
to enhance metal oxide on K" storage. Kinetic analyses and DFT
calculations were carried out to thoroughly study the effect of
exposed facets for the enhanced ion diffusion transport. The
synergistic facet and architecture engineering of the metal oxides
enable the highly reversible dual conversion-alloying mechanism
of BiSbO,, i.e., the coexistence of phase evolution of (Bi, Sb)
alloying and reversible formation of KO,, and can thereby
deliver excellent long-term and high rate performance of K*
storage. Importantly, the BiSbO,, network can be used directly as
implemented in PIBs and PIHCs full cells, indicating that it has
favorable conditions for ultrastable cycles with high energy
density and power density in the field of energy storage. For
different energy storage technologies, such as batteries and
capacitors, there must be a big trade-off between energy density
and power density, which have been pointed out in several
studies, especially for carbonaceous materials.””*° From the
Ragone plots in Figure S22, BiSbO, can exhibit excellent
performance in both energy density and power density with
pairing with the same counter electrodes of PBNPs and AC. This
feature indicates that the energy-storage mechanism of dual
conversion-alloying can not only improve the electrochemical
performance but also maintain a relatively great stability in the
case of high current density. Moreover, the BiSbO,//AC PIHCs
can even achieve a reversible cycling in less than 1 min, which
indicates the mechanism of battery behavior can be realized in
rapid charge transfer and beyond the limitation in conventional
batteries. This work proposes a promising way to design
advanced hierarchical nanostructures, which may be applicable
to any ternary or binary conversion nanomaterials used in PIB
and PIHC or a wide range of energy storage.

METHODS

Chemical Details. All reagents in this work are commercially
available. Bismuth(III) nitrate pentahydrate (Bi(NO;);-SH,O, reagent
grade, 98%), hexadecyltrimethylammonium bromide (CTAB, for
molecular biology, 99%), sodium carboxymethyl cellulose (NaCMC,
average M, ~ 700000), poly(acrylic acid) (PAA, average M, ~
3000000), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%),
potassium (chunks, in mineral oil, 98%), and dimethyl carbonate
(DMC, anhydrous, 99%) were purchased from Sigma-Aldrich.
Antimony(III) oxide (Sb,O; 99%), bismuth(IlI) oxide (Bi,O,,
99%), and iron(IIT) chloride (FeCl;, anhydrous, 98%) were purchased
from Alfa Aesar. Hydrochloric acid (HCl, ACS reagent, 37%) was
purchased from Honeywell Fluka. Sodium hydroxide (NaOH, pellets,
ACS reagent) and potassium hexacyanoferrate (II) trihydrate (K Fe-
(CN)4¢-3H,0, 98.5%) were purchased from J.T. Baker. Absolute
ethanol was purchased from Echo Chemical. Active carbon (AC) was
purchased from Kuraray Chemical. Potassium bis(fluorosulfonyl)
imide (KFSI, 97%) was purchased from Combi-Blocks. Super-P carbon
black, polyvinylidene fluoride (PVDF), and CR2032 coin-type cells
were purchased from Shining Energy. Glass fiber was purchased from
Advantec Group. Copper foil and aluminum foil were purchased from
Chang-Chun Group. Deionized water was produced by a Milli-Q
Direct pure water system.

Material Preparations. Synthesis of BiSbO, Powders. On the
basis of previous study, the as-prepared BiSbO, powders were obtained
from solid-state reaction at high temperature.67 Bi,0; (0.4659 g) and
Sb,0; (0.2915 g) were added into the stainless steel and rotated at 150
rpm for 30 min in the Planetary Ball Mill 100 machine. The well-mixed
powder was transferred into a ceramic boat and calcined at 600 °C for
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24 h inside a furnace. Thereafter, the agglomerated solid was reground
into powder and recalcined at 850 °C for 12 h.

Synthesis of BiSbO, Nanorods. The as-prepared BiSbO, nanorods
were obtained by the hydrothermal method, which has been
investigated in previous research.”® Bi(NO;);SH,O (0.9701 g) and
Sb,0; (0.2915 g) were added into a serum bottle sequentially with 20
mL of deionized water with constant stirring (500 rpm) for 30 min.
Thereafter, addition of 1 mL of 2 M aqueous NaOH solution and 8 mL
deionized water was carried out to tune the pH value and fill up the
solution to 30 mL in volume. The mixture was treated at 210 °C for 24 h
in a Teflon-lined autoclave reactor. The obtained sediment was
collected by centrifugation (S min per cycle at 8500 rpm) three times
using absolute ethanol and deionized water with volume ratio of 5:4.

Synthesis of BiSbO, Nanonetworks. In a typical synthesis, the
aqueous CTAB solution was prepared by adding 0.075 g of CTAB into
a serum bottle with 25 mL of deionized water via constant stirring (500
rpm) for 30 min. Thereafter, 0.4851 g Bi(NO;);-SH,0 and 0.1458 g
Sb,0; were added into the serum bottle. The mixture was treated
through a hydrothermal method at 170 °C for 24 h in a Teflon-lined
autoclave reactor. The obtained sediment was collected by
centrifugation (S min per cycle at 8500 rpm) three times using
absolute ethanol and deionized water with a volume ratio of 5:4. After
being washed with 1 M HCl solution, the obtained powder was further
annealed at 200 °C for 24 h in a furnace.

Synthesis of Prussian Blue Nanoparticles. Modified from a
previous report, the experiment was scaled up in terms of overall
yield increment.”” K,Fe(CN)¢-3H,0 (1.2672 g) was dissolved in 160
mL of deionized water with vigorous stirring, which was denoted as
solution A. In the meantime, 0.9720 g of FeCl; was dissolved in 40 mL
of deionized water and sonicated for 20 min, which was denoted as
solution B. Thereafter, the solution B was dropwise added into solution
A by a KDS Legacy Series syringe pump with continuous stirring, and
the dark blue precipitation formed immediately. The suspension was
stirred for 2 h and further aged for 12 h. The obtained sediment was
collected by centrifugation (S min per cycle at 11500 rpm) two times
using deionized water and dried at 80 °C in a vacuum oven for 12 h.

Electrochemical Measurements. Preparation of BiSbO, Elec-
trodes. These electrodes were prepared by mixing the active material
(70%), super-P carbon black (20%), PAA (5%), and NaCMC (5%) in
absolute ethanol and DI water, which was added into a sample vial and
stirred overnight to form a uniform slurry. The homogeneous slurry was
coated onto the copper foil and dried inside a furnace at 150 °C under
argon gas to remove the residual solvent. The mass loading of active
material in BiSbO, electrodes is 1.0—1.2 mg cm ™ with 0.1 yg resolution
(Sartorius SE2).

Potassium lon Half Cells Assembly of Anode Materials. The
electrochemical performance of the electrodes was tested using
CR2032 coin-type half cells with 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 glovebox with both
the moisture and the oxygen content below 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 to 3.0 V vs K'/K. Galvanostatic intermittent titration
technique (GITT) measurements were performed by charging/
discharging the cells for 10 min at 100 mA g~ followed by a 1 h
relaxation.

Preparation of AC Electrodes. These electrodes were prepared by
mixing the AC (80%), super-P carbon black (10%), and PVDF (10%)
in NMP solvent, which was added into an ointment jar and put into a
Thinky ARE-310 planetary centrifugal mixer to form a uniform slurry.
Thereafter, the homogeneous slurry was coated onto the aluminum foil
and dried inside a furnace at 150 °C under argon gas to remove the
residual solvent. The average active material loading for the AC is 1.5—
2.0 mg cm™ with 0.1 pg resolution (Sartorius SE2).

Preparation of PBNP Electrodes. These electrodes were prepared by
mixing the PBNPs (80%), super-P carbon black (10%), and PVDF
(10%) in NMP solvent, which was added into a plastic jar and put into
an MTI MSK-SFM-12 M ball mill machine rotated at 350 rpm for 15

1498

min. The homogeneous slurry was coated on to the aluminum foil and
dried inside a furnace at 150 °C under argon gas to remove the residual
solvent. The average active material loading for the PBNPs is 2.5—3.0
mg cm™> with 0.1 pug resolution (Sartorius SE2).

Potassium lon Half Cell Assembly of Cathode Materials. The
electrochemical performance of the electrodes 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 glovebox with both
the moisture and the oxygen content bellow 1 ppm (M. Braun
UNILAB). Galvanostatic discharge—charge tests were evaluated by
NEWARE CT-4000 battery measurement system from 2.0 to 4.0 V vs.
K*/K.

Coin-Type Full Cells for Batteries. The CR2032 coin-type full cell
for the battery was assembled by using BiSbO, (~0.5 mg cm™) as
anode and PBNPs (2.5—3.0 mg cm™>) as cathode with overall mass
ratio of 6 under argon environment. Both BiSbO, and PBNP electrodes
were preactivated for several cycles before the full cell assembly, and 1
M KFSI in DMC was used as electrolyte. The CV curves were obtained
on Bio-Logic-Science Instruments, VMP3 workstation. Galvanostatic
discharge—charge tests were evaluated by a NEWARE CT-4000 battery
measurement system from 1.0 to 3.8 V vs K'/K.

Coin-Type Full Cells for Hybrid Capacitors. The CR2032 coin-type
full cell for the hybrid capacitor was assembled by using BiSbO, (1.5—
2.0 mg cm™) as anode and AC (1.5-2.0 mg cm™?) as cathode with
overall mass ratio of 1 under argon environment. The BiSbO,
electrodes were preactivated for 20 cycles at high current density
before the full cell assembly, and 1 M KFSI in DMC was used as
electrolyte. The CV curves were obtained on Bio-Logic-Science
Instruments, VMP3 workstation. Galvanostatic discharge—charge
tests were evaluated by Maccor Series 4000 battery measurement
system from 0 to 3.9 V vs K*/K.

Computational Methods. The present first principle DFT
calculations were performed using the Vienna Ab initio Simulation
Package with the projector augmented wave method.”””" The
exchange-correlation functional was treated using the generalized
gradient approximation of Perdew—Burke—Ernzerhof functional.””
The energy cutoff for the plane wave basis expansion was set to 450 eV
and the force on each atom less than 0.03 eV A™' was set for
convergence criterion of geometry relaxation.15 A vacuum was added
along the z direction in order to avoid the interaction between periodic
structures. The Brillouin zone integration was performed using 2 X 2 X
1 k-point sampling. The self-consistent calculations apply a
convergence energy threshold of 107 eV. The DFT-D3 method was
employed to consider the van der Waals interaction.” Transition state
searching was calculated using the climbing-image nudged elastic band
(CI-NEB) method.”* The adsorption energy of the K atom was
calculated according to following equation

Eads = Etotal -E b EK

sul

where E,, is the total energy of the K atom adsorbed systems, while
E,, and Ey are the energies of the substrate and the K atom in bulks,
respectively.
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in the facets of BiSbO,; spectra of X-ray photoelectron
spectroscopy at 1st cycle and 100th cycle; electrochemical
performance of PBNPs half cells; N, adsorption—
desorption isotherms for AC; electrochemical perform-
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