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Abstract:

Potassium- and sodium-ion batteries (PIBs and SIBs) have great potential as the next-
generation energy application owing to the natural abundance of K and Na. Antimony (Sb) is
a suitable alloying-type anode for PIBs and SIBs due to its high theoretical capacity and proper
operation voltage, yet the severe volume variation remains a challenge. Herein, we report a
preparation of N-doped carbon-wrapped Sb nanoparticles (L-Sb/NC) using pulsed laser
ablation and polydopamine coating techniques. As the anode for PIB and SIB, the L-Sb/NC
delivers superior rate capabilities and excellent cycle stabilities (442.2 and 390.5 mA h g ! after
250 cycles with the capacity decay of 0.037 and 0.038 % per cycle) at the current densities of
0.5 and 1.0 A g, respectively. Operando X-ray diffraction reveals the facilitated and stable
potassiation and sodiation mechanisms of L-Sb/NC enabled by its optimal core/shell structure.
Furthermore, the SIB full cell fabricated with L-Sb/NC and Na3V2(PO4).F3 shows outstanding

electrochemical performances, demonstrating its practical energy storage application.
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1. Introduction

Li-ion battery (LIB) is in high demand because of the growing markets of portable electronics,
electric vehicles, and large-scale grid storage. However, the uneven distribution and restricted
reserves of Li resources are the main bottlenecks of the continued availability of LIBs. K- and
Na-ion-based energy storages are attractive alternatives owing to their natural abundance, cost-
effectiveness, appropriate reduction potentials, and suitable electrochemical behavior similar
to Li.l'l However, the large ionic radius of K™ and Na" causes structural failure and slow
kinetics of K-ion batteries (PIBs) and Na-ion batteries (SIBs) during the repeated
(de)potassiation and (de)sodiation, resulting in fading capacity and poor cycle stability.

To tackle these challenges, enormous efforts have been devoted to the optimization of
electrode materials. The well-established LIB cathodes can be adopted to PIBs and SIBs,*!
but novel anode materials for PIBs need to be explored because the graphite anode of LIBs
delivers poor rate capability in PIBs and almost no storage capability in SIBs.[”-8 So far, various
anode candidates, including intercalation, conversion, and alloying materials, have been
investigated for PIBs and SIBs. Intercalation-type anodes such as C- and Ti-based materials
show good cycle stabilities yet suffer from intrinsically low capacity.”) Although the
conversion-type anodes including transition metal compounds can provide a high specific
capacity, they are restricted by the large volume expansion and high working potential.['”]
Recently, various alloying anodes, such as Sb, Bi, and Sn, have drawn great attention as
promising anodes for PIBs and SIBs owing to their proper working potential and high
theoretical specific capacity.[!'""?l Among the alloying anodes, Sb has been regarded as one of
the most potential materials owing to its high theoretical gravimetric and volumetric capacities
(660 mA h g ! and 1,889 mA h cm™?), low-stacking-density puckered-layer structure, and low
cost (3-7 US$ per 1b).13-14] Nevertheless, the severe volume expansion during the (de)alloying

due to the large radius sizes of K" and Na", which leads to pulverization, unstable solid



electrolyte interphase (SEI), capacity decay, and low Coulombic efficiency, is still a challenge.

Various synthetic methods of nanosized Sb particles, hybridization of Sb with carbon
materials, and carbon coating techniques have been suggested to facilitate ion and electron
transfers and enhance structural stability during cycling.'> '™ In particular, the Sb
nanoparticle/carbon nanofiber composite demonstrated a high specific capacity of 393 mA h
g !after 100 cycles at 0.2 A g ' when employed as the anode in a PIB.!'¢! The construction of
nano-structured Sb is an effective way to counteract its volume change, and many physical and
chemical techniques, including ball-milling, templating, coprecipitation, and hydrothermal
methods, have been utilized.['> 7181 However, most, if not all, methods require toxic solvents
and/or additives during the synthetic procedure.

Herein, we report the synthesis of Sb nanoparticles coated with N-doped carbon (L-Sb/NC)
using the laser ablation in liquids (LAL) and polydopamine (PDA) coating strategy. The LAL
is a rapid and scalable technique that enables the facile synthesis of various nanosized- or few-

22271 As a bioinspired synthetic polymer, PDA

layered materials from their bulk counterparts.|
has been recently engaged in many applications, offering a controllable polymerization on
various types of substrates under mild conditions.['>?!] The laser-ablated Sb nanoparticles in
water were coated with an optimum thickness of PDA and annealed to yield L-Sb/NC in a
core/shell configuration. The PDA-derived N-doped carbon shell improves the structural
stability of the Sb core and facilitates the transport of ions and electrons by N dopant. When
engaged as the anodes in PIB and SIB, the L-Sb/NC delivers excellent electrochemical
performances by successfully balancing the specific capacity and cycling durability under
relatively high current densities, outperforming other recently reported anode materials. The
reversible potassiation and sodiation mechanisms as well as the electrochemistry-driven

amorphization of Sb are revealed by operando X-ray diffraction (XRD), and the potential of

L-Sb/NC anode in practical application is demonstrated with a full cell fabricated with



NazV2(PO4),F3 cathode.

2. Experimental Section

Materials: Sb target (99.9 wt.%, diameter and thickness: 50.8 and 6.0 mm, respectively) was
purchased from Beijing Dream Material Technology Company and polished to remove the
surface oxide layer. Tris(hydroxymethyl)aminomethane (NH>C(CH20OH)3, 99 wt.%) was
purchased from Shenzhen Dieckmann Tech, China, and dopamine hydrochloride
((HO)2C6H3(CH2):NH2-HCIl, 98 wt.%) was purchased from Shanghai Aladdin Biochemical
Technology Co. Ltd., China. Cu foil, conductive carbon black (Super P), poly(vinylidene
fluoride) (PVDF), and carboxymethyl cellulose (CMC) were purchased from MTI Korea Corp.
Na and K foils (99.9 wt. %) were purchased from Sigma—Aldrich, USA. Potassium
trifluoromethane sulfonimide (KFSI, 3 M) in 1,2-dimethoxyethane (DME) and sodium
trifluoromethane sulfonimide (NaTFSI, 1 M) in a mixture (1:1 vol.%) of propylene carbonate
(PC) and fluoroethylene carbonate (FEC) were obtained from DodoChem, China. All
chemicals were used without further treatment unless stated otherwise.

Pulsed laser-assisted ablation of Sb: A Nd:YAG Q-switched pulsed laser (wavelength = 1,064
nm, Nimma-600 Laser system) with an energy output of 320 mJ (650 V) and energy stability
(root mean square) < 1% was purchased from Beamtech Optronics Co. Ltd., China. The
diameter of the beam was ca. 8 mm, and the distance between the surfaces of the Sb target and
liquid (deionized (DI) water) was set as 12 mm. The Sb target was laser-ablated under
continuous stirring at 20 °C for 6 h to yield a uniform suspension of L-Sb>O3 (concentration =
ca. 0.2 — 0.3 mg mL™"), which was collected as a powder by vacuum filtering and drying at
60 °C under vacuum.

Synthesis of L-Sb/NC: Tris(hydroxymethyl)aminomethane (10 mM) and dopamine

hydrochloride (1 mg mL™") were added to the L-Sb,O;3 suspension (100 mL, 1 mg mL™") and



stirred at room temperature for polymerization (denoted as L-SboO3@PDA-X, where X
represents polymerization time). The polymerized L-SboO3 suspension was washed with DI
water, collected by vacuum filtration, and dried at 60 °C in a vacuum oven. The PDA-coated
samples were annealed at 450 °C in a tube furnace under Ar/H> atmosphere (10 vol.% of Hy)
for 2 h to fabricate the L-Sb/NC samples (denoted as L-Sb/NC-X, where X represents
polymerization time).

Microstructural Characterization: The crystal structure of the samples was characterized by an
X-ray diffractometer (Rigaku SmartLab 9 kW Advance, voltage 45 kV, current 200 mA)
equipped with Cu Ka radiation. The morphology of the samples was probed by scanning
electron microscopy (SEM, Tescan VEGA3) and field emission SEM (FESEM, Tescan
MAIA3). An energy-dispersive X-ray spectra (EDS) analyzer coupled with SEM was used to
determine the chemical composition of the samples. Transmission electron microscopy (TEM,
JEOL system (Model JEM-2100F, 200 kV)) was utilized to characterize the microstructures of
the as-prepared samples. The TEM samples were prepared by drop-casting sample solution on
a Cu grid. X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo Fisher
ESCALAB 250Xi system. The spectrometer was calibrated and fitted using the XPSPEAK41
with the C 1s peak at 284.6 eV. Raman spectra were acquired by a Witec confocal Raman
system (alpha300R) with the excitation laser (A = 532 nm) of 5 mW energy for all tests to
minimize sample burning. Thermogravimetric analyses (TGA) were performed on a thermal
analyzer (TA Instruments TGA 5500) at a heating rate of 10 °C min! in N and air. The zeta
potentials of samples were determined by Malvern Zetasizer Nano ZS90. The size distribution
was measured using the Nano Measure software (Version 1.2.5).

Battery Cell Assembly: All electrodes were fabricated by a scrapping-coating method. A slurry
was prepared by mixing the active material powders, Super P, and CMC binder with a weight

ratio of 7:2:1 in DI water, followed by stirring for approximately 12 h. The slurry was coated



onto a stainless-steel mesh (type 304, thickness = 0.1 mm) for operando XRD or a Cu foil for
other electrochemical measurements. The coated electrodes were dried at 80 °C for 12 h'in a
vacuum and then cut into a disk (4 = 10 mm) with a mass loading of ca. 1.0 mg cm 2. The as-
prepared electrode was engaged as the working electrode, while Na or K foil was used as both
the counter and reference electrodes, and glass fiber (GF/D, Whatman) served as the separator.
The electrolytes were 3 M KFSI in DME for PIBs and 1 M NaTFSI in a mixed solvent of PC
and FEC (1:1 vol.%) for SIBs. The CR2032 cell was assembled in an Ar-filled glove box and
aged for 24 h before the test. For operando XRD, a special CR2032 coin cell that was equipped
with Be window (d = 10 mm) on one side was used. XRD patterns were collected based on a
“time step” method at 0.05 A g . In the time step mode, the scan rate of XRD was determined
by the count time for each degree point to obtain the distinct XRD peaks. The count time of
eight seconds per one degree was used in our work. For the post-TEM analysis after cycling,
the cycled coin cells were first disassembled in an argon-filled glove box. The electrode
materials were washed with diethyl carbonate to remove residual sodium or potassium salt and
peeled off from the current collectors, followed by dispersing in ethanol by ultrasonication for
TEM analysis.

For the full battery test, Na3V2(POa4)>F3 mixed with Super P and PVDF binder (7:2:1 by
weight) was cast on Al foil and used as the cathode. The L-Sb/NC electrode described above
was adopted as the anode. The weight ratio of active material in the cathode to that in the anode
was balanced and set at 2.8:1. The mass loadings of Na3V2(POs)2F3 cathode and L-Sb/NC
anode were ca. 1.4 —2.0 and 0.5 — 0.7 mg cm 2, respectively. The same electrolyte used in the
half-cell was also used for the full battery.

Battery Cell Test: Galvanostatic measurements and galvanostatic intermittent titration
technique (GITT) were performed on a test system (Xinwei CT-4008Tn-5V50mA battery

testing system) by tautologically applying short pulses (current density = 0.05 A g~ ') for 1,800



s and an open-circuit stand for 7,200 s for complete relaxation to achieve equilibrium potentials
during cycling. Cyclic voltammograms (CVs) were collected using a WonATech battery testing
system (WBCS3000L). Electrochemical impedance spectroscopy (EIS) was performed at the
open-circuit voltage (OCV) using a PARSTAT MC (PMC1000/DC) electrochemical system
(Princeton Applied Research, USA). The frequency range was set from 10 mHz to 100 kHz

with an excitation voltage of 5 mV.

3. Results and discussion

Figure 1a illustrates the synthetic procedure of L-Sb2O3; nanoparticles, and the experimental
setup is shown in Figure S1. Briefly, the bulk Sb target placed in DI water was directly
irradiated by an Nd:YAG Q-switched pulsed laser (A = 1,064 nm, 320 mJ). Upon irradiation,
the initially transparent solution changes to a white suspension of well-dispersed L-Sb,0s
nanoparticles. The pulsed laser generates plasma from the Sb target, which has a short lifetime
from a few ns to ps. The plasma energy is transferred to the solvent molecules, forming vapor
bubbles surrounding the plasma and accelerating the motion of molecules in the solvent.*]
From the repeated processes, nanosized Sb species are produced by the plasma energy and the
bubbling effect in the solvent.[?3-3% The laser-ablated Sb nanoparticles were first oxidized to L-
Sb,O3 by the oxygen in the water and coated with carbon shells via the polymerization strategy
using dopamine. Polydopamine (PDA)-derived carbon coatings have been applied on various
metal and semiconductor surfaces to improve structural stability and electrical conductivity.[*!]
The heat treatment (450 °C) of L-Sb,O3@PDA in Ar/H> atmosphere yields a core/shell
structure of Sb nanoparticle encapsulated with N-doped carbon (L-Sb/NC). The synthetic
procedure is described in detail in the Experimental Section.

X-ray diffraction (XRD) patterns of L-Sb2O3 and L-Sb2O3@PDA confirm the SboOs3 phase

(JCPDS # 43-1071, Figure 1b), and the two small peaks at 25.0 and 26.5° observed from L-



Sb,O3@PDA correspond to the amorphous structure of PDA layer.[**] All the XRD peaks of L-
Sb/NC are indexed to the Sb phase (JCPDS # 35-0732) except for a tiny SboOs3 peak at 27.7°,
indicating an almost complete reduction of Sb,Os3 to Sb by the annealing process. The scanning
electron microscopic (SEM) images (Figures 1c¢ and S2) of L-SboO3; and L-Sb/NC exhibit
irregular particles with mean sizes of 77.2 +40.9 nm (Figure S3) and 142.6 = 72.7 nm (Figure
1c¢), respectively. Figures S4 and S5 display the energy-dispersive X-ray (EDX) elemental
mapping images of L-Sb,O3; and L-Sb/NC, and their Sb contents are 82.5 and 58.8 wt.%,
respectively, as summarized in Table S1. Thermogravimetric analysis (TGA) was conducted
to confirm the actual amount of Sb in L-Sb/NC (Figure 2a). The residual weight of 33.6 wt.%
after the removal of carbon at >550 °C indicates that the actual amount of Sb is 62.3 wt.%
based on the weight of the final product of Sb,03,*¥ which agrees well with the EDX result.

Raman spectroscopy was engaged to further investigate the structure of L-Sb/NC (Figure
2b). The two distinct peaks at ca. 110.9 and 147.5 cm™! are assigned to the metallic Sbi**! while
a weak and broad peak at ca. 269.8 cm! is attributed to the trace amount of Sb,Os in L-
Sb/NC.B3! Two other prominent peaks at ca. 1,366.7 and 1,592.7 cm™! are assigned to the D
band (defects or disordered structure) and G band (ordered graphitic structure) of carbon
species, respectively. Their intensity ratio (/p//g) of 0.71 indicates the moderate graphitization
of the carbon shell.*¢-31 It is worth noting that such defective or disordered structures can act
as the reactive site and promote ion transportation.[**-4!]

X-ray photoelectron spectroscopy (XPS) was employed to investigate the elemental
compositions and surface chemical states of the as-prepared samples. The survey XPS spectra
(Figure S6) confirm the existence of C, Sb, O, and N elements in L-Sb/NC and L-Sb.O3;@PDA.
The high-resolution Sb 3d XPS spectrum of L-Sb/NC can be deconvoluted into two pairs of
characteristic peaks corresponding to the Sb>" (533.0 and 541.3 eV) and Sb’ states (530.9 and

540.3 eV, Figure 2¢), confirming the coexistence of Sb,O; and metallic Sb.[****! The high-



resolution C 1s spectrum of L-Sb/NC can be deconvoluted into three peaks that are assigned to
C—C (284.7 eV), C=N (285.7 eV), and O=C-N (289.1 eV, Figure S7¢).’" *! Two peaks
observed at 399.0 and 400.5 eV from the N ls spectrum are attributed to pyridinic N and
pyrrolic N, respectively (Figure S7e). These N species that are present in the carbon matrix as
dopants can promote electrical conductivity and wettability.[*>) L-Sb,O3@PDA exhibits C 1s
and N 1s spectra (Figures S7d and S7f). Three C 1s peaks at 284.6, 285.9, and 288.6 eV are
assigned to C—C, C=N, and O=C—N, respectively, while two N 1s peaks at 399.5 and 400.3 eV
are assigned to pyridinic N and pyrrolic N, respectively.

Zeta potential is a useful measure to probe the charge states of the surface. The zeta
potential of L-Sb>O3 is measured as 53.5 £ 4.1 mV, a higher value than the general threshold
(30 mV) for stable colloidal solutions, which indicates the excellent stability of the laser-

[46-471 On the contrary, the L-Sb/NC shows a negative zeta potential

ablated L-Sb>Os3 suspension.
of —12.2 + 3.6 mV, which would be beneficial for the adsorption of the K™ and Na" ions and
electrochemical kinetics.[*®!

The morphology and composition of L-SboO3@PDA and L-Sb/NC were confirmed by
transmission electron microscopy (TEM, Figures 2d — 2h and S8). The PDA coating affords a
uniform (24.2 + 2.5 nm) polymeric layer on L-SboO3@PDA (Figures S9a and S8a — S8b).
Such core/shell structure is well retained in L-Sb/NC (Figures 2e and S8c — S8f), where Sb
nanoparticles (d = 108.7 + 56.3 nm) are encapsulated with the carbon shell derived from PDA
coating (25.8 = 6.0 nm, Figures S9b and S9c). Notably, void spaces, which are created by the
volumetric contraction during the conversion of Sb.Os to Sb*’! as well as the partial
decomposition of PDA, are observed between the Sb nanoparticles and carbon shell of L-
Sb/NC.[2% 4] The lattice fringes showing the d-spacings of 3.16 and 3.05 A, which are attributed

to the (222) plane of Sb,O3 and the (012) plane of Sb, respectively, are apparent in the high-

resolution TEM image of L-Sb/NC (Figures 2f and S8e — S8f). The SboOs3 phases of L-
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Sb,O3@PDA are also confirmed with the d-spacings of 3.16 A from their high-resolution TEM
images (Figure S8b). The selected-area electron diffraction (SAED) pattern of L-Sb/NC
indicates its crystalline state, and the observed pattern is assigned to the lattice planes of (012),
(110), and (104) of Sb (Figure 2g). Scanning TEM (STEM) image and the corresponding
elemental mapping images of L-Sb/NC clearly reveal the core/shell structure with void spaces
and the even distribution of C, O, N, and Sb (Figure 2h).

The electrochemical performance of L-Sb/NC as the anode in PIB was first evaluated by
cyclic voltammetry (CV) in the potential window between 0.01 and 2.0 V (vs. K/K) at a scan
rate of 0.05 mV s~! (Figure 3a). Two broad reduction peaks are observed at ca. 0.17 (peak 2-
R) and 0.04 V (peak 3-R) in the first cycle, which are attributed to the formation of solid
electrolyte interphase (SEI) and the potassiation of L-Sb/NC, respectively. Two oxidation peaks
at ca. 0.73 and 1.19 V (peaks 1-O and 2-O, respectively) in the anodic scan correspond to the
depotassiation process. In the subsequent cycles, the recurring cathodic (ca. 0.55 (peak 1-R)
and 0.12 V) and anodic peaks (ca. 0.72 and 1.16 V) indicate a stable redox reaction. The
galvanostatic discharge—charge profile of the L-Sb/NC anode recorded at a current density of
0.5 A g ! for 250 cycles displays typical sloping plateaus that are related to the alloying reaction
of Sb (Figure 3b).°% In the first discharge and charge cycle, the specific capacities of 810.8
and 546.5 mA h g ! are measured, respectively, with a Coulombic efficiency of 67.4 % owing
to the irreversible capacity loss by the initial SEI formation. Both discharge/charge curves
gradually stabilize in the subsequent cycles, demonstrating superior stability of the L-Sb/NC
electrode up to 250 cycles.

Figure 3¢ displays the cycle performance of the L-Sb/NC anode at a current density of 0.5
A g ! for 250 cycles. The L-Sb/NC anode shows the specific capacities of 487.2 and 518.3 mA
h g ! in the 2nd and 124th cycles, respectively, due to the initial activation behavior.>!! At the

end of 250 cycles, the L-Sb/NC anode still retains the reversible capacity of 442.2 mA h g
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with a capacity loss of merely 0.037 % per cycle, which indicates remarkable cycle stability.
The rate capability and the corresponding galvanostatic curves of the L-Sb/NC anode at various
current densities are shown in Figures 3d and S10. The L-Sb/NC anode delivers the discharge
capacities of 502.2, 487.1, 464.8, 445.4, and 367.7mAh g ' at 0.1,0.2,0.5,1.0,and 2.0 A g !,
respectively. Upon returning to a current density of 0.1 A g”!, the discharge capacity of 517.1
mA h g ! is recovered, which reveals a fast kinetics of the L-Sb/NC anode.

Electrochemical impedance spectroscopy (EIS) and galvanostatic intermittent titration
technique (GITT) were engaged to investigate the electron diffusion and charge transfer of L-
Sb/NC cells. Figure 3e exhibits the Nyquist plots of the pristine and cycled L-Sb/NC cells,
which were analyzed by fitting the equivalent circuit (Figure S11). The Warburg factor was

1

calculated by the relationship between Z’ and o "2, where Z' is the real part of the impedance

and o is the angular frequency (Figure 3f), to determine the diffusion coefficient of K ion

(Dx.eis) using the following equations; >
Z!:Rct_i_Re_i_G(D*l/Z (1)
RZTZ
Di-eis = 5 zraricos @)

where R is the charge transfer resistance of the electrode, R is the combination of electrical,
ionic, and contact resistances, o is the Warburg factor, R is the gas constant, 7 is temperature,
n is number of electrons, A4 is surface area of electrode, F'is the Faraday constant, and Ck is the
concentration of K. The calculated results (Table S2) indicate that the Re of L-Sb/NC is
reduced while its Dk-cis value is increased after the first cycle, suggesting improved ion and
electron transfers. The K* ion diffusion coefficient (Dk-girr) can also be approximated from the

GITT data using the following equation;>*>°]

4 NyVmo AEs
D—gite = 7 (2 () 3)

where 7 is pulse duration, nm is the number of moles, Vi, is molar volume of the electrode,

which was assumed to have a fixed value ignoring the volume variation,'*”) 4 is interface area,
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AE: is the voltage change during the constant current pulse, AE; is the steady-state voltage
change, and Eo and E; are the voltage values before and after the single-step GITT experiments,
which can be calculated based on the GITT results, as shown in Figures S12 and S13. Figure
3g shows that the Dk.gi values during the charging process (ca. 1072 — 107! cm? S are
higher than those during the discharging process (ca. 107 — 10712 cm? S7!). These values agree
well with the linearly inclined reduction and oxidation peak currents (ip) as the scan rate is
increased (Figures 3h and 3i).

Inspired by the remarkable potassium storage performance of the L-Sb/NC anode, we also
investigated its electrochemical performance in SIB. Figure 4a exhibits the CVs of L-Sb/NC
at 0.1 mV s ! in the initial five cycles, which show redox peaks at 0.23, 0.09, and 0.95 V (vs.
Na*/Na) corresponding to Na* alloying/dealloying reactions. The theoretical capacity (CL) of
the L-Sb/NC in SIB is calculated to be 460.2 mA h g! by the following equation,

CL=Cp x Wp+ Csp X Wsp “4)
where C, and Csp are the theoretical capacities of PDA-derived carbon shell (130 mA h g!)
and Sb (660 mA h g 1),5® respectively, and Wp and Wsp are the contents of PDA-derived
carbon shell (37.7 wt.%) and Sb (62.3 wt.%), respectively. L-Sb/NC delivers a superior cycling
performance with the discharge capacities of 431.7 and 390.5 mA h g! in the 2nd and 250th
cycles at 1.0 A g !, respectively, and a capacity decay of 0.038 % per cycle (Figures 4b and
4c). The result of the rate capability test is shown in Figure 4d where the discharge capacities
of 506.1, 478.8, 450.4, 435.1, 411.2, 395.5, 386.1, and 370.9 mA h g ! are recorded at the
current densities of 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A g !, respectively. L-Sb/NC recovers
the discharge capacity of 503.5 mA h g ! upon returning to 0.1 A g'. The corresponding
galvanostatic curves at various current densities are shown in Figure S14. EIS (Figures 4e and
4f) and GITT (Figures 4g and S15) were performed to compare the ion diffusivity and charge

transfer of L-Sb/NC in PIB and SIB. Based on the fitting results of EIS data (Table S3) and the
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CVs at various scan rates (Figure 4h), the L-Sb/NC cell shows reduced R and inclined Dn-
cis after the first cycle, a result that is similar to the case of PIB. The peak current also displays
a linear relationship with the scan rate (Figure 4i).

To understand the structural changes of L-Sb/NC during the first 100 cycles in PIB and SIB,
TEM analysis was conducted after the cycling (Figures 5a — 5d and S16). From the TEM
images of L-Sb/NC in both PIB and SIB, the interplanar spacing of the Sb (102) phase is
observed and the core/shell structure is well maintained after 100 cycles (Figures 5 and S16),
which demonstrates the exceptional structural stability of L-Sb/NC owing to the protection of
the carbon shells. Due to the transformation of Sb2O3 into amorphous K>O/Na,O and Sb during
the initial discharge, the lattice fringes of SboO3 cannot be seen.*’>#! The effect of the N-doped
carbon shell derived from the optimized PDA coating was verified by SEM analysis and
electrochemical tests (Figures S17 — S19). L-Sb/NC-3h and L-Sb/NC-6h samples with thinner
carbon shells show the aggregated and diffused Sb particles due to weak and broken carbon
shells.?® %) In particular, the L-Sb/NC-6h electrode shows severe capacity fading due to the
micro-sized Sb and the structural instability, delivering worse performance than the L-Sb/NC
electrode (Figure S18). Two electrodes with thicker carbon shells, L-Sb/NC-18h and L-Sb/NC-
24h, also display inferior cycle stability after 200 cycles than L-Sb/NC electrodes (Figure S19).
In comparison with other recently reported anodes for PIB, L-Sb/NC realizes the best
comprehensive electrochemical performances, successfully balancing the specific capacity and
lifespan under high current density (Figure Se and Table S4). The L-Sb/NC anode in SIB also
achieves a high specific capacity that ranges between 84.9 and 93.8 % of the theoretical
capacity and decent long-term endurance, showing a performance comparable to other similar
anodes for SIBs (Figure S20 and Table S5). Such remarkable K and Na* storage ability is
attributed to the following aspects: (i) Laser-induced nanoengineering of Sb shortens the solid-

state ion diffusion distance, reducing the resistance and enhancing the kinetics.[®”! (ii) The
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optimized N-doped carbon shell serves as a conductive pathway and buffer layer, while the N
dopant enhances the charge transfer.[!62! (iii) The voids created by the thermal conversion
reaction of SboO3 to Sb offer the buffering space to mitigate the volume expansion of Sb.

To clarify the (de)potassiation mechanism of the L-Sb/NC electrode, operando XRD was
used to track the phase changes during the initial two cycles (Figure 6a). The peaks at 23.7,
25.2,28.7,40.1,41.9, 47.1, and 48.4° are assigned to Sb, and the peak at 27.7° is attributed to
SbOs. During Stage 1 between OCV and 0.01 V (vs. K*/K), these peaks gradually diminish
and finally vanish in the middle of discharge (ca. 0.4 V). Afterward, the appearance and
enhancement of peaks at 18.1, 20.9, 29.8, 35.0, 36.6, 42.6, and 46.6° that are indexed to the
K3Sb (JCPDS # 19-0935) can be observed. Such a process reflects the complete transformation
from Sb and Sb2O3 to K3Sb and amorphous K>O via the immediate products of amorphous
KxSb and K,0.1-%4 Upon further depotassiation (Stage 2 between 0.01 and 2.0 V), the
depotassiation conversion from K3Sb to amorphous Sb via amorphous KxSb occurs without
any new peaks appearing. This supports the hypothesis that the amorphization of Sb is driven
by an electrochemical reaction. Such electrochemical amorphization of Sb can increase ion
storage sites,°!! facilitate ion transfer,!® and tolerate stress due to the isotropy property.[®®]
During the second cycle, only the peaks assigned to K3Sb are observed, further confirming the
similar two-step (de)alloying processes. The contour plot presented in Figure 6b illustrates the
(de)potassiation procedure of the L-Sb/NC electrode during the cycling.

Operando XRD was also utilized to probe the (de)sodiation mechanism of the L-Sb/NC
electrode (Figure 6). Similar to the two-step (de)alloying processes in PIB, a two-step
transformation from Sb and Sb,O; to Na3Sb and NaO via the immediate products of
amorphous NaySb and NayO is observed. Particularly, the progressive broadening of Sb peaks
during the cycle suggests the electrochemical amorphous proliferation of the L-Sb/NC anode.

The contour plot in Figure 6d demonstrates the corresponding (de)sodiation procedure. Table
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S7 summarizes the (de)alloying mechanisms of the L-Sb/NC electrode during the cycling of
PIB and SIB. Ex situ XPS was employed to investigate the post-cycle L-Sb/NC electrodes
under various states (Figures S21 and S22). All the Sb 3d XPS spectra of L-Sb/NC electrodes
used in both PIB and SIB can be deconvoluted into the two characteristic peaks corresponding
to the Sb? state (ca. 530.3 and 539.5 eV). The absence of Sb** peaks indicates the irreversible
reduction of Sb>O3 during the 1st discharge, which agrees well with the results of the operando
XRD (Figure 6). Meanwhile, the two peaks at ca. 531 and 533 eV are assigned to the O—C=0
and C—O—C species of the CMC binder, respectively.[®”]

Figure 7a shows the charge—discharge curves of L-Sb/NC/Na3V2(PO4)2F; full cell in the
potential window between 2.0 and 4.3 V (vs. Na*/Na) at the current density of 0.5 A g”!. The
full cell displays an initial discharge capacity of 102.4 mA h g ! based on the mass of the
cathode with a voltage plateau from 3.9 to 3.1 V and a flat voltage plateau until 2.8 V. The L-
Sb/NC/Na3V2(POs):F3 full cell shows a higher voltage plateau compared with the previously
reported MnFe2O4@C/Na3V2(POs)2F3 (3.0 — 1.8 V)% and MoS12Seos@G/Na3zVa(PO4)2F3
(2.5 — 0.0V),[*”) demonstrating good stability. From the CV curve of the full cell shown in
Figure S23, three pairs of reduction and oxidation peaks are identified at ca. 3.08, 3.38, and
3.87 V, which are consistent with the corresponding charge—discharge curves. The full cell also
shows a remarkable rate capability with the reversible capacities of 95.8, 86.9, 68.9, 52.9, and
35.2 mA h g! at the current densities of 1.0, 2.0, 5.0, 10, and 20 A g, respectively (Figure
7b). The cycle performance of the SIB full cell in Figure 7¢ displays that the specific capacity
of 103.9 mA h g ! is well retained after 200 cycles at a current density of 1.0 A g”!, achieving
~100 % capacity retention. Figure 7¢ displays the cycle performance of the SIB full cell. After
200 cycles, the discharge capacity retains the specific capacity of 103.9 mA h g ! at a current
density of 1.0 A g ! with a capacity retention of 101.5 %, further confirming the exceptional

cycle stability of L-Sb/NC for SIB.
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4. Conclusions

In summary, L-Sb/NC was fabricated by a facile laser-ablation method and an optimized PDA-
derived carbon coating technique as the alloying anode of high structural stability for PIBs and
SIBs. When employed in PIB, the L-Sb/NC anode achieves a high initial specific discharge
capacity of 487.2 mA h g! and long long-term durability with a capacity retention of 442.2
mA h g ! over 250 cycles at 0.5 A g !, which are the best comprehensive K storage
performances so far. As an anode in SIB, the L-Sb/NC also delivers excellent electrochemical
performances. With the laser-assisted nanoengineering and the protection of a carbon shell by
the PDA coating strategy, the kinetics of K™ and Na* transports and structural stability during
cycling are highly enhanced as proved by the operando XRD. The full cell test with
NazV2(PO4),F3 cathode delivers superior performances with a high specific capacity of 103.9
mA h g ! after 200 cycles at 1.0 A g, demonstrating the potential of L-Sb/NC anode in

practical SIB application.
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Figure 1. (a) Schematic illustration showing the fabrication process of L-Sb/NC. (b) XRD
patterns of L-SbxO3, L-SboO3@PDA, and L-Sb/NC. (¢) SEM image of L-Sb/NC. Inset in (c)
shows the size distribution of as-fabricated L-Sb/NC.
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Figure 2. (a) Thermogravimetric analysis, (b) Raman spectrum, and (c) Sb 3d XPS spectrum
of L-Sb/NC. TEM images of (d) L-SboO3@PDA and (e¢) L-Sb/NC. (f) HRTEM image, (g)
SAED pattern, and (h) STEM image of L-Sb/NC with the corresponding elemental

distributions.
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Figure 3. Electrochemical properties of L-Sb/NC for PIB. (a) CVs at a scan rate of 0.05 mV
s~ !. (b) Discharge/charge curves in various cycles at 0.5 A g ' within 0.01 — 2.0 V (vs. K*/K).
(c) Cycle performance at 0.5 A g ! and (d) rate capability at various current densities.
Comparison of pristine and first-cycled cells: (e) Nyquist plots and (f) relationship of Z' and
o 2 in the low-frequency range. (g) Diffusion coefficients for K* ions as a function of voltage
calculated from the GITT profiles (Figure S12) during the 1st discharge and charge process.
(h) CVs of L-Sb/NC electrode at scan rates of 0.05, 0.10, 0.25, and 0.35 mV s~! within 0.01 —

2.0 V (vs. K'/K). (i) Linear relationship of peak current and the square root of scan rate.
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Figure 4. Electrochemical properties of L-Sb/NC for SIB. (a) CVs at a scan rate of 0.1 mV s !

(b) Discharge/charge curves in various cycles at 1.0 A g ! within 0.01 —2.0 V (vs. Na*/Na). (c)
Cycle performance at 1.0 A g ! and (d) rate capability at various current densities. Comparison
of pristine and first-cycled cells: (e) Nyquist plots and (f) relationship of Z' and % in the
low-frequency range. (g) Diffusion coefficients for Na' ions as a function of voltage calculated

from the GITT profiles (Figure S15) during the 1st discharge and charge process. (h) CVs of
L-Sb/NC electrode at scan rates of 0.1, 0.2, 0.3, and 0.5 mV s~ ! within 0.01 —2.0 V (vs. Na*/Na).

(1) Linear relationship of peak current and the square root of scan rate.
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Figure 6. (a,c) Line plot and (b,d) contour plot of operando XRD of L-Sb/NC electrode during
the initial two cycles in (a,b) PIB and (c,d) SIB. Discharge—charge profiles at 0.05 A g ! are
tested, and BeO (JCPDS # 43-1000) and Bei1Fe (JCPDS # 18-0217) peaks are labelled with

green and orange dots in line plots.
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Figure 7. Electrochemical performances of full battery constructed with L-Sb/NC anode and
Na3V2(POs):F3 cathode. (a) Charge—discharge curves, (b) rate capability at various current
densities, and (c¢) cycle performance in the potential range of 2.0 — 4.3 V (vs. Na'/Na) at a

current density of 1.0 A g '.
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