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Benefit from the unique structural characteristics of polymeric cross-linkage crystal with large interlayer spacing,
SnPy 94 has been regarded as an appropriate dual conversion-alloying anode material, providing symmetric high-
speed ion diffusion tunnels perpendicular to the c-axis of the hexagonal lattice. However, the critical issue of
volume change stemming from fully alloying-dealloying reaction still need to be challenged. We report the first
example of uniform SnPy g4 teardrop nanorods by utilizing bismuth (Bi) as a seed through the one-pot synthesis
method in supercritical organic solvent. The Bi-seed SnP 94 teardrop nanorod anode exhibited a high reversible
capacity of 422.8 mA h g~! at 50 mA g~ ! and excellent rate performance (285.8 mA h g~! at 1000 mA g™ 1),
which is superior to the other reported SnPg 94 nanomaterials. Based on the results of electrochemical impedance
spectroscopy (EIS) assisted with ex-situ transmission electron microscope (TEM) and ex-situ X-ray photoelectron
spectroscopy (XPS), teardrop-shaped nanostructures can more effectively relieve the surface tension, alleviate
the expansion, and maintain structural stability during cycling than spherical particles with similar sizes,
demonstrating strong evidence on its shape effects on electrochemical performance. Finally, the potassium ion
batteries with SnPg 94 teardrop nanorods (designated as T-SnP) as an anode and perylenetetracarboxylic dia-
nhydride (PTCDA) as a cathode to full cells delivered a long cycling life of up to 450 cycles at a current density of
1000 mA g~ !, moreover, a pouch-type battery is also fabricated for feasible demonstration for its practical

application.

1. Introduction

Potassium ion batteries (PIBs) have highly attracted tremendous
attention system as a promising alternative metal ion battery to lithium
ion battery (LIBs) in recent years. Considering the possible exhaustion of
lithium (Li) feedstock and the significant increase in demand for battery-
embedded portable devices, potassium (K) combines the merits of the
abundant reserves and relatively low costs [1,2]. The standard redox
potential of KT/K (—2.93 V vs. E,) is almost as low as that of Li*/Li
(—3.04 V vs. E,), and due to smaller solvation ions and fast ionic con-
ductivity in aqueous electrolyte, it demonstrates a further favorable
condition to consider PIBs as a large-scale integration of energy storage
in the grid [3,4]. Carbonaceous materials are industrially recognized
anode material in LIBs in terms of low cost and high conductivity, and
have been initially investigated as PIB anode materials [5-11]. In
addition, the inherent doping elements of biomass-derived carbon can
even enhance the ion adsorption [12]. However, since the ionic radius of
K ions is larger than that of Li ions (K', 1.38 A vs. Lit, 0.76 ;\), the

E-mail address: hytuan@che.nthu.edu.tw (H.-Y. Tuan).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cej.2021.128552

formation of KCg phase (theoretical capacity of 279 mA h g~?) suffers a
lot of volume expansion, which is due to the large amount of K ions into
the carbon layer, causing the structure to be drastically destroyed.
Irreversible capacity will be caused by repeated potassiation/depot-
assiation processes, resulting in poor electrochemical performance [13].

In order to increase the energy density without sacrificing long cycle
life, many possible electrode materials for PIBs have been proposed
[14-20]. Among the reported elements, phosphorus (P) has the highest
theoretical gravimetric capacity of 865 mA h g~ corresponding to the
KP phase which is much higher than that of carbonaceous materials
(KCg, 279 mA h g~1). However, the poor intrinsic electrical conductivity
and large P volume change make it difficult to reach the theoretical
value of electrochemical performance in terms of utilization [21]. Even
if a conductive carbon matrix has been carried out to facilitate charge
transfer, the improvement in overall energy density is still not obvious.

Metal phosphide materials can promote a synergistic effect to both
enhance electronic conductivity and tolerate the volume expansion
[22,23]. Based on the dual conversion alloy mechanism, metal
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Scheme 1. Graphical abstract. Teardrop-shaped SnPy 94 nanorods (T-SnP) effectively suppress the volume expansion and exhibit an anti-pulverization nanostructure

without severe aggregation.

phosphide materials can deliver higher energy density, moreover, and
can offset the above-mentioned undesirable problems [24]. The com-
binations of tin (Sn) and P in tin phosphide have been studied as
attractive anode materials, such as SnP3 [25], Sn4P3 [26], and SnPg g4
[27], providing high theoretical gravimetric capacity and excellent rate
capability in PIBs. Among them, SnPj 94 has been proven to have high
reversibility thanks to the layered structure of ion diffusion in LIBs and
sodium ion batteries (SIBs) [28,29]. Meanwhile, the incorporation of the
P phase and the KP phases that are repeatedly transferred during the
cycle can prevent agglomeration and disperse mechanical stress to
inhibit phase segregation [30]. Nevertheless, despite the enhanced
buffering effect, huge volume changes still exist. Current research on tin
phosphides in PIBs has been motivated to tackle this problem with a
strategy to modify structure features [31,32]. Promoted by carbona-
ceous materials, tin phosphides can demonstrate advanced phase sta-
bility in cycling performance, even reaching to the KsP phase with
improved electrochemical performances. Additionally, the side reaction
at the electrode/electrolyte interface also poses a high impact in
phosphorus-based anode of PIBs [33,34]. Zhang et al. focus on the
electrolyte effect toward the SEI formation, and it has been confirmed
that the salt and solvent used for electrolyte would highly change the
composition of SEI based on the XPS analysis. Through electrolyte salt
and solvent chemistry, the utilization of potassium  tri-
fluoromethanesulfonimide (KFSI) can construct more suitable SEI layer
to reinforce the stability in PIBs owing to the most negative value of
solvation energy [35,36]. Even though, the basic concept of shape-
controlled to the tin phosphide nanostructures in PIBs has not been
concluded explicitly.

In LIBs, the topic of volume changes in crystalline silicon-based
materials has been explored comprehensively [37-39]. Lee et al. stud-
ied the volume expansion mechanism of silicon nanopillars, and it was
found that the anisotropic expansion directions is based on the inser-
tion/extraction of Li ions in a specific lattice plane [40]. Thereafter,
Jung et al. computed and compared the interfacial energies of the lattice
facets. Through the use of first-principles molecular dynamics calcula-
tion, the simulation results are consistent with the experimental obser-
vation, which provides strong evidence for the lattice-oriented
speculation [41]. On the other hand, morphology characteristics are also
expected to adjust the surface tension distribution caused by volume
expansion [42]. The tunable shape of nanomaterials can address the
problems of structural pulverization and solid-electrolyte interphase
(SEI) reformation, thereby extending the stability and reversibility
during cycling [43-45]. Klankowski et al. reported a bat-like core—shell
heterostructure of silicon nanowires, which can demonstrate reversible
structural changes and exhibit an anti-pulverization nanostructure [46].

Therefore, previous studies have concluded that due to lower lateral
tension and mechanical degradation, one-dimensional nanostructures
have better capacity to withstand volume expansion [47]. However, it is
still not clear about the co-effects arising from the internal crystal facets
and external surface morphologies.

Herein, we show the superior rate performance and stable cycling
performance of SnPg ¢4 teardrop nanorods for high performance PIBs
based on a morphological approach. We report a supercritical fluid-
liquid-solid (SFLS) method to synthesize the teardrop shapes of
SnPg 94 seeded with bismuth (Bi) nanoparticles through reasonable
morphological controlling. The inherent crystal structure of SnPg o4
teardrop provides not only diffusion tunnels between the interlayers
along the largest spacing direction, but also high specific capacity
among metal phosphides. The comparison of obtained SnPy 94 teardrop
nanorods (designated as T-SnP) and SnPjg4 sphere nanoparticles
(designated as S-SnP) exhibited the obvious improved cycling stability
as anode for PIBs as shown in Scheme 1. The T-SnP anode exhibited a
high reversible capacity of 422.8 mA h g~! at 50 mA g~ ! and excellent
rate performance (285.8 mA h g~! at 1000 mA g 1). This performance is
better than all currently reported SnPg ¢4 nanomaterials. Furthermore,
the post-mortem analyses, such as ex-situ transmission electron micro-
scope (TEM) and ex-situ X-ray photoelectron spectroscopy (XPS) of T-
SnP, have been conducted to reveal the morphology evolution on elec-
trochemical properties and elucidate the fundamental mechanisms
conducting with electrochemical impedance spectroscopy (EIS). Finally,
the coin-type and pouch-type full batteries with T-SnP as anodes and
perylenetetracarboxylic dianhydride (PTCDA) as cathodes have also
been manufactured and used for feasibility demonstrations in practical
applications.

2. Results and discussion

The synthesis method of SnPj 94 nanostructures is a one-pot batch
reaction for nanocrystal growth via the SFLS mechanism. The dispersion
solution of Bi crystals was obtained by dissolving bismuth 2-ethylhexa-
noate in oleylamine with bis[bis(trimethylsilyl)amino] tin (I) in molar
ratio of 1:85 as well as certain amount of trioctylphosphine. After added
sequentially into a titanium metallic reactor, the solution was heated to
425 °C to fully react state, while toluene was used as a supercritical fluid
solvent [48]. The morphology of the product was controlled by adjusting
reaction temperature and the addition of Bi crystals to generate sphere-
shaped nanoparticles in the 0-D growth and teardrop-shaped nanorods
from Bi seeds in the 1-D growth, respectively.

The crystal structures of the prepared SnPg ¢4 samples is shown in
Figure S1. Sn atoms and P atoms can form a 2D layered structure like a
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Fig. 1. (a) XRD pattern of the as-prepared SnPj 94 nanomaterials. XPS spectrums of T-SnP in (b) C 1 s, (c¢) Sn 3d, and (d) P 2p, respectively.

polymeric cross-linkage [49]. The crystallinity and the purity of the
product phase were identified by X-ray diffraction (XRD), and all the
diffraction peaks of the two samples could be well marked as the crystal
phase labeled as hexagonal SnPj ¢4 (JCPDS NO. 80-1201) (Fig. 1a). To
understand the chemical state of T-SnP, the element characteristics can
be analyzed by X-ray photoelectron spectroscopy (XPS). A full scan of
the spectrum showed the presence of Sn, P, and certain elements, which
can be attributed to the surfactant ligand attached to the nanomaterials
(Figure S2a). Two distinct peaks were observed in the C 1 s spectrum:
284.8 eV and 286.1 eV, corresponding to the Sp? and Sp3-hybridized
carbon, respectively (Fig. 1b). In the Sn 3d spectrum, only the distinct
peaks of Sn* at 487.4 eV and 495.7 eV can be clearly distinguished. It
can be considered that this is a hexagonal stacked crystal formed by the
Sn-P bonding structure [50], and there is no other deconvoluted peaks of
sn® and Sn** (Fig. 1c). Specifically, several distinct peaks in the P 2p
spectrum are located at 129.9 eV, 134.1 eV and 139.2 eV (Fig. 1d). It can
be considered that the peak at 129.9 eV forms a P-Sn bond consistent
with Sn 3d peaks, while the P-O and P-N bonds appearing at 134.1 eV are
derived from ligands with surfactants. The peak at 139.2 eV is mainly
based on the formation of slightly oxidized phosphorus on the surface of
the nanorods. This result is consistent with the P-O bond formed by
different peaks in the O 1 s region in the full scan of the spectrum
(Figure S2a). It can be inferred that the sample is not easily oxidized
during the synthesis process under the condition of water- and oxygen-
free environment. The XPS spectrum of Bi contains four distinct peaks,
which are 4f core splitting into Bi 4f5,/ and Bi 4f; /2. The valence states of
Bi 4f5,; at 164.4 eV and Bi 4f;,» at 159.2 eV are originated from the
oxides on the surface of Bi seeds (Figure S9a). Despite there is no obvious
diffraction peak of Bi in XRD pattern, the content percentage of each
element has been calculated by integration the peak area of XPS results
in Table S1, indicating the low amounts of Bi in T-SnP.

The surface morphologies of the two prepared products were char-
acterized by field emission scanning electron microscope (FESEM) and
high-resolution transmission electron microscope (HRTEM). As shown
in Fig. 2a and 2b, at the synthesis temperature of 480 °C, due to the
higher reaction temperature, a nucleated phase may grow from the
surface of seed crystals. On the other hand, Fig. 2c and 2d show that the

lower reaction temperature of 425 °C causes the nucleation phase to
grow along the specific crystal facet with the lowest surface energy. The
resulting teardrop nanorods have a uniform spherical shape with an
average c-axis length of about 200 nm. Although the diameter of the
formed nanostructures varies along the axial direction, the synthesis
mechanism of the teardrop shape can still be regarded as previous
studies on nanopillars and nanorods [51,52]. The HRTEM image of T-
SnP reveals a single crystal structure with excellent crystallinity (Fig. 2e
and 2f). Fast Fourier transforms (FFT) analyses show that the tip part is
crystalline Bi with a zone axis of [010] while the body part is SnP 94
with a zone axis of [010]. Moreover, the pattern of the body part con-
tains fringes between the diffraction points, and these fringes are
stacking defects of crystals in the axial direction. Therefore, the main
growth direction of SnPg g4 is determined to be [001], and its lattice
spacing is 0.60 nm, which is consistent with the diffraction peak in XRD.
The elemental composition ratio of the sample can be confirmed by
energy dispersive X-ray spectroscopy (EDS). The T-SnP was uniformly
composed of Sn, P, and Bi seeds. The atomic ratio of the tip and the body
part is listed (Fig. 2g and 2 h), indicating that the ratio between tin and
phosphorus is almost 1:1.

The electrochemical behaviors of potassium ion storage were eval-
uated in a coin-type CR2032 half-cell with potassium metal as the
counter electrode. The electrode slurry is prepared in a stainless steel
tank through a one-pot wet ball milling (WBM) process [19]. Figure S3
shows the SEM image of a mixture of T-SnP electrode slurry, SnP 94,
ketjen black (KB), multi-walled carbon nanotube (MWCNT), and sodium
carboxymethylcellulose (NaCMC) by WBM. It can be clearly observed
that the T-SnP did not break and maintained its original morphology.
According to previous studies on the electrolyte effect of the SEI layer, it
has been proven that concentrated electrolyte based on KFSI can
improve the cycle stability of PIBs [53,54]. Similarly, the inert nature of
dimethoxyethane (DME) can be used as a solvent to reduce the reactivity
of the SEI layer [55]. Thus, high-concentrated KFSI-DME electrolyte was
selected for the electrochemical analyses (Fig. 3).

Fig. 3a shows the cyclic voltammetry (CV) curve of T-SnP in the
potential range of 0.05 to 2.0 V with a scan rate of 0.1 mV s .. In
addition, the CV curve of S-SnP is presented in Figure S4, providing
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Fig. 2. SEM images of (a, b) S-SnP and (c, d) T-SnP with inset of size distribution histogram corresponding to (c). (¢) TEM images and (f) the corresponding HRTEM
analyses with insets showing fast Fourier transforms of the tip and the body parts of T-SnP. SEM image and corresponding EDS result of (g) the seed part and (h) the

body part of T-SnP.

similar characteristics in both discharge/charge profiles. During the first
cathodic process, three reduction peaks located around 1.0 and 0.5 V
were observed. The former one can be interpreted as irreversible
inserting potassium ions with the MWCNT/KB framework (Figure S5).
The broad peak in the region of 0.8 to 0.3 V can be regard as the for-
mation of SEI and the conversion alloying process of T-SnP and potas-
sium ions [27]. The following overlapping CV curves show that T-SnP
electrode has high reversibility. The electrode activation and SEI for-
mation in the first scan can be confirmed by a further constant current
charge and discharge (GCD) test. In Fig. 3b, at a current density of 50
mA g™, the initial discharge and charge capacities of T-SnP are 680.5
and 338.9mAh g’l, and the initial Coulombic efficiency (ICE) is 50.2%.
This initial capacity loss can be attributed to the irreversible insertion of
potassium ions into the carbon materials and the growth of the SEI layer.
Subsequently, the activation of electrode provides a gradual increase in
capacity due to more active sites for potassiation. After the 10th cycle,
the capacity remained at 393.3 mA h g~! and the Coulombic efficiency
was 99.2%. The tough scaffolding of KB and MWCNT improves the
stability of the SEI layer, and only 1.0% degradation from the 20th cycle
to the 100th cycle. The discharge plateaus of about 1.0 V in the first
cathodic cycle may correspond to the cathodic peak in the first cycle of
the CV curve. In the meantime, the rate capability and cycling

performance of S-SnP, commercial Sn powder, and commercial P pow-
der were also evaluated. In Fig. 3c, the average reversible capacities of T-
SnP are 422.8, 377.1, 339.6, 316.9, 301.8, 285.8, 254.3, 219.4, 166.1,
and 117.9mAh g_1 at current densities of 50, 100, 250, 500, 750, 1000,
1500, 2500, 5000, 7500 mA g’l, which is slightly better than S-SnP
electrode. When the current density is restored to 50 mA g™, T-SnP can
maintain the same capacity as the initial cycle, which shows that the
reversibility is high. At a current density of 500 mA g™, the specific
capacity of T-SnP is 298.2 mA h g1, while the S-SnP exhibits a capacity
of 101.3 mA h g ! after 180 cycles (Fig. 3d). Obviously, these results
indicate that the material morphology will significantly affect the elec-
trochemical performance. The detailed reasons can be obtained from the
electrochemical impedance spectroscopy (EIS) test measured in the
range of 20 mHz to 100 kHz, as shown in Fig. 3e. The first parallel
element of the analog equivalent circuit is regarded as the formation of
SEI (Ry), and the second parallel element is the charge transfer resis-
tance (R.) that follows the Warburg diffusion process impedance.
Without electrode activation, the original semicircles at the high and
middle frequency of T-SnP and S-SnP are almost the same in the Nyquist
plots. However, after the 10th and 50th cycle, the reduced impedance of
T-SnP is superior to that of S-SnP. Moreover, the fitted value of each
resistance has been simulated using Zfit software, and the results are
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shown in Table 1. In both cases, the values of ohmic resistance (R;) are
similar in each state, revealing little contribution in performance evo-
lutions. The gradually rising in capacity can be attributed to the incre-
ment of active site in electrode/electrolyte interface, displaying the
lower R and Ry for stable formation of SEI. Particularly, the improve-
ment in T-SnP is more significant. Therefore, from Figure S6, we intend
to propose the shape of the T-SnP forming into an anti-pulverization
nanostructure with corresponding EDS results (Figure S7), indicating

3000 4500 6000 7500

Current density (mA g")

that the volume expansion is stabler. The aggregation of the fragmented
S-SnP with KB and SEI makes the Ry larger than T-SnP. The specific
capacities at various current densities of T-SnP and other metal phos-
phides as well as carbonaceous anodes are compared in Fig. 3f and listed
in Table S2, displaying the high electrochemical properties of T-SnP.
Figure S8 shows the galvanostatic charge-discharge curves of T-SnP and
S-SnP, which can correspond to the above-mentioned cycling
performance.
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Table 1
The resistances calculated from EIS Nyquist plots of T-SnP and S-SnP electrodes.
Electrode Cycling state Rs (Ohm) Ry (Ohm) Rt (Ohm)
Before cycles 3.496 1362 9796
T-SnP After 10 cycles 2.974 1006 674.4
After 50 cycles 4.305 190.1 15.23
Before cycles 2.309 1586 9399
S-SnP After 10 cycles 3.933 1021 1413
After 50 cycles 4.671 278.3 220.6

Enhanced by KFSI-based electrolyte in SEI formation, both T-SnP and
S-SnP deliver high durability in rate capability derived from the intrinsic
layered structure, while S-SnP presents inferior stability and higher
resistance in cycling performance. For conversion-alloying anode ma-
terial, previous studies on the effect of volume expansion during lith-
iation have proved that the direction of volume change will depend on
the orientation of crystal facets [56-58]. Due to the smallest interface
energy, the largest spacing provides the largest diffusion channel for
lithium ions to the alloy electrode. Therefore, according to this specu-
lation, the hexagonal symmetrical lattice structure of T-SnP indicates
that the highest expansion rate will be evenly distributed along the [11-
20] directions with lower surface tension to avoid fracture [59] (Fig. 4).
Inherent from the shape of nanorod, the lateral tension and mechanical
degradation is lower than that of sphere, which can maintain the
structural stability and robust ion diffusion tunnels. In accordance with
the simulation of crystal structure, as shown in Figure S10, the electrode
performance after charge and discharge cycles has been investigated by
ex-situ TEM to gain a deeper understanding of the electrochemical
mechanism based on the morphological effect of SnPg 94 Figures S10a to
$10d show the clear morphological detail of the T-SnP obtained in the
10th and 50th cycles, respectively. Notably, the tip part of T-SnP is
separated from the body part, some of which are wrapped by the SEI
layer without aggregation. In addition, the high-angle annular dark field
(HAADF) of T-SnP and the corresponding element mapping of T-SnP also
show that after the potassiation process, where the tip part decomposes
and leaves potassium ions (Figures S10e and S10f). The uniform distri-
butions also show that there is no obvious phase segregation of tin and
phosphorus during the cycling test. In Figures S2b-S2i, the ex-situ XPS
results of T-SnP were performed, which provide more evidence for the
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phase change during charge and discharge. The disappearance of the P-
Sn bond peak indicates that, based on the dual conversion alloying
mechanism, a complete dealloying reaction has occurred on the T-SnP
electrode. To further determine the overall capacity contribution of Bi,
the ex-situ XPS was also carried out to confirm the valance state of Bi.
However, the low content of Bi in electrode make the rather unclear
spectrum after cycling (Figure S9), thus from our perspective, the total
capacity of Bi seeds is quite low despite the decomposition with SnP g4.

The electrochemical kinetics of potassium ion storage mechanism
and the contribution of the diffusion-controlled process and the surface-
controlled process can be analyzed by the redox peaks of CV curve at
various purging rates [60] (Fig. 5a). The peak current (i) and the scan
rate (v) follow the equation:

i=av

where the b value can be calculated. For the surface-controlled
process, the peak current is proportional to the scan rate, which
means that the b value of 1.0. The peak current of diffusion-controlled
process is proportional to the square root of the scan rate, indicating
that the b value is 0.5. As shown in Fig. 5b, the analysis shows that the b
values of the anodic peak and cathodic peak are 0.817 and 0.862,
respectively, which indicates that the kinetics of potassium ions in the T-
SnP electrode is dominated by both ion diffusion and the capacitive
effect. In addition, the contribution to the capacitance in the potential
range from 0.05 to 2.0 V can be determined by the following formula:

i= klv+k2V]/2

where k;v and k2 suggesting the effect comes from both the
contribution of surface control and the contribution of diffusion control
[61] (Fig. 5c). As shown in Fig. 5d, as the scan rate increases, the
capacitive contribution ratio increases from 31.7% of the total potas-
sium ion storage to 62.0%. In Fig. 5e and 5f, the galvanostatic inter-
mittent titration technique (GITT) curves provided a larger potassium
ion diffusion coefficient during the charging process of the T-SnP elec-
trode, ranging from 10~° to 1071° cm? s ™!, while the lower range is 10~°
to 1072 cm? s! according to the electrode thickness in discharging
process (Figure S11). The calculation of GITT formula we used is the

following equation:

SSSRIss!

(1010) (0001)

[11-20] diffusion pathways
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Fig. 4. Schematic diagram of the SnP o4 crystallographic orientation of the [11-20] facets and symmetric expansion directions.
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T S AE, T AE,

where the n,,, and V,,, represent the molar number and molar volume
of the electrode, while the S means the contacted area of electrode [62].
Therefore, this component can be approximately equal to the thickness
of the overall electrode, which can be measured by cross-section SEM
images in Figure S11. The AE; and AE; are denoted as the voltage change
from each pulse and discharge/charge periods. Based on the value of the
GITT curve, two plateaus can be found, which can be regard as the
potassiation and depotassiation of Sn and P of similar magnitude. The
thermodynamic working voltages of each current pulse also reveals that
the kinetics of depotassiation state is even more facile, proving that
nearly invisible cathodic peaks in CV curve providing softer current
change during dealloying process. Moreover, it is confirmed that the
calculated high potassium ion diffusion coefficient can provide the
electrode materials with high-rate performance.

The T-SnP anode was paired with the PTCDA cathode to assemble a
full potassium ion battery to evaluate its feasibility as a PIB anode. The
annealed PTCDA for fabrication was prepared by a facile thermal
treatment, and the electronic electrochemical performance is shown in
Figure S12. Previous studies of PTCDA have revealed the mechanism

that the forming of KoPTCDA with a discharge voltage around 2.4 to 2.0
V can deliver a capacity of almost 130 mA h g~! at 1.5 V cut-off voltage
[63]. On the basis of the GCD profiles of T-SnP and PTCDA half-cells, the
simulation of charge-discharge curves of T-SnP // PTCDA can provide
an appropriate voltage range of 0.5 to 3.4 V to prevent FSI-induced
corrosion of Al foil at voltage above 4 V [64] (Figure S13). According
to half-cell tests above, combining the galvanostatic charge-discharge
curves of each half-cell, the loading mass ratio of both electrodes can be
properly calculated to evaluate the workability. Figure S14 revealed the
mechanism of anode and cathode, indicating that the experimental
working voltage is comparable with simulation results. The charge
process of T-SnP // PTCDA full cell corresponds to the discharge process
of T-SnP half-cell and the charge process of PTCDA half-cell, which
means the interaction process of K ions with both electrodes. In Fig. 6a
and 6b, the T-SnP // PTCDA full cell can have a specific charge capacity
0f 419.2 mA h g~! and a specific discharge capacity of 2901.1 mAh g~ ! at
the first cycle, with the Coulombic efficiency is 69.5%, at the current
density of 50 mA g~!. After the 10th cycle, T-SnP // PTCDA full cell can
stably exhibit a reversible specific capacity of 180 mA h g™}, which in-
dicates that the entire system in the full cell tends to be stable and the T-
SnP electrode has been exploited. As shown in Fig. 6¢ and 6d, the full cell
can provide 250, 221, 191, 176, 165, 158 and 150 mA h g_1 reversible
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Fig. 6. (a, b) Cycling test of the T-SnP // PTCDA full cells at the current density of 50 mA g~ ' and the corresponding of the voltage profile. (c, d) The rate per-
formance of T-SnP // PTCDA full cell at various current densities from 50 to 1500 mA g~ ! and the corresponding voltage profiles. (e) Cycling test of the T-SnP //
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capacity at the current density of 50, 100, 250, 500, 750, 1000 and 1500
mA g}, respectively. In addition, the cycle stability of the full cell at a
current density of 1000 mA g~! showed long cycle stability during 450
cycles, and the retention rate was 97.59% compare with the 10th cycle,
showing significant stability and long-term cycle life (Fig. 6e). For a
typical assembly, manual potassium foil should be used as the counter
electrode in the Al bag, and both the anode and cathode are both pre-
treated for 5 cycles in advance, and then reassembled. The T-SnP //
PTCDA pouch-type full cell could even light up 55 3 V light emitting
diodes (LED) bulbs, as shown in Fig. 7 and Video S1.

In summary, this study of SnPg 94 nanomaterials morphology based
on SFLS synthesis method has revealed a significant dependence on
nanoparticle shapes toward high performance in PIBs. Such surprising
nanostructure shape effects have been found for LIBs and SIBs in pre-
vious studies, however, this is the first time that teardrop-shaped
nanorods have been studied in PIBs. The alloying-dealloying mecha-
nism of the SnPj 94 nanomaterials, supported by the lattice-oriented

speculation in expansion, can be proposed that SnPj g4 has symmetric
high-speed ion diffusion tunnels and expansion rate perpendicular to the
c-axis. The post-mortem analyses on electrodes provided further evi-
dence that T-SnP has a better ability to disperse the surface radial ten-
sion with stable SEI formation in contrast to S-SnP, and hence,
demonstrating excellent electrochemical performance for potassium ion
batteries. It has been proved that the role of SnPy 94 morphology, such as
T-SnP, plays an important role in adjusting the performance of potas-
sium ion batteries and represents an ideal strategy to further improve
the electrochemical properties of unique electrodes.
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(a)

Fig. 7. T-SnP // PTCDA pouch-type battery test for lighting up 55 pieces 3 V

LED bulbs connected in parallel.
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