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Abstract: Bimetallic alloy nanomaterials are promising anode materials for potassium-ion batteries (KIBs) due to their
high electrochemical performance. The most well-adopted fabrication method for bimetallic alloy nanomaterials is tube
furnace annealing (TFA) synthesis, which can hardly satisfy the trade-off among granularity, dispersity and grain
coarsening due to mutual constraints. Herein, we report a facile, scalable and ultrafast high-temperature radiation
(HTR) method for the fabrication of a library of ultrafine bimetallic alloys with narrow size distribution (~10-20 nm),
uniform dispersion and high loading. The metal-anchor containing heteroatoms (i.e., O and N), ultrarapid heating/
cooling rate (~10°Ks™") and super-short heating duration (several seconds) synergistically contribute to the successful
synthesis of small-sized alloy anodes. As a proof-of-concept demonstration, the as-prepared BiSb-HTR anode shows
ultrahigh stability indicated by negligible degradation after 800 cycles. The in situ X-ray diffraction reveals the K*
storage mechanism of BiSb-HTR. This study can shed light on the new, rapid and scalable nanomanufacturing of high-
\quality bimetallic alloys toward extended applications of energy storage, energy conversion and electrocatalysis. )

Introduction

The emerging potassium-ion batteries (KIBs), as one of the
most promising alternatives for lithium-ion batteries (LIBs)
in large-scale electrochemical energy storage systems
(EESSs), are attracting worldwide research interest. KIBs
have the advantages of low cost, high element abundance
(1.5 wt% for K vs. 0.0017 wt % for Li), and suitable redox
potential (—2.93 V for K*/K vs. —3.04 V for Li*/Li, standard
hydrogen electrode, SHE).! The main obstacle to the
extensive application of KIBs is that the repeated insertion/
extraction of K ions with a large ionic radius (1.38 A)
induces serious volume expansion and even structural
collapse of electrode materials, resulting in poor cycling
performance. Therefore, it is urgent and crucial to develop

high-performance anode materials with highly reversible
capacities and excellent cycling stabilities for advanced
KIBs.

Alloying-type anode materials, such as Sb, Sn and Bi,
possess significantly high specific capacities and suitable
working voltage platforms® are known as promising
candidates. However, the rapid capacity attenuations of
alloying-type anodes caused by inherent volume expansions
restrict their applications.”) To mitigate volume expansion,
bimetallic alloying-type anodes composed of two metallic
elements, capable of delivering electrochemical performance
and stability, have attracted ever-increasing research
interest.! For instance, bimetallic Sb-based nanoparticles
alloyed with Bi, Sn, Co, or Ni have demonstrated better
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stress buffering capacities compared with pure Sb in K-
alloying/dealloying.

Although several bimetallic alloying-type anodes have
been investigated, little attention has been paid to how the
nanostructures harness the performance of these anodes.”
This can be mainly attributed to the hardness of accurate
structure control (such as coarsening/growth/agglomeration,
nonuniform size distribution and volatilization of constituent
metals) of such alloys during the conventional tube furnace
annealing (TFA) treatment process due to the intrinsic slow
heating/cooling rate (<10 Ks™') and long heating duration
(several hours).”™ Therefore, the manufacturing of ultrafine
bimetallic alloy nanoparticles with high uniformity through a
more facile and controllable method is an urgent need.

Recently, an electrical Joule-heating-based thermal
shock synthesis method was proposed.”’ In this process, due
to the ultrahigh ramping/cooling rate (10°-10°Ks™') and
short heating duration (several seconds), ultrafast fabrica-
tion of ultrafine metallic nanoparticles on carbon nano-
fibers/films with relatively low metal contents have been
realized.l'”! However, the scale-up manufacturing of well-
dispersed metallic nanoparticles on carbon at high mass load
via thermal shock synthesis has not been realized due to the
limited carrying capacities of carbon nanofibers/films bear-
ing small specific surface areas for metal precursors.

Research Articles

An dte

Chemie

Herein, we report a facile, scalable and ultrafast high-
temperature thermal radiation (HTR) synthesis for a series
of ultrafine bimetallic alloy nanoparticles with narrow size
distributions and high loading for KIBs anodes (Figure 1A).
During this process, adequate temperature (>1300 K) can
be instantly generated (within ~15s) owing to the rapid
heating/quenching rates (~10°Ks™') as illustrated in Fig-
ure 1B. To achieve distinctive high metal loadings,
ammonium citrate (C4H;;N;0,) and sodium chloride (NaCl)
are employed as carbon-source/metal-anchor and template/
porogen, respectively. The high temperature enables simul-
taneous carbonization of organic components and an in situ
pyrolysis/carbothermal reduction of metal salts. The formed
N/O co-doped mesoporous carbon nanosheets with large
specific surface area ensures the formation and stabilization
of bimetallic nanoparticles.''! Meanwhile, the short manu-
facturing time avoids the agglomeration/evaporation of
metal contents and achieves ultrafine alloy nanoparticles
with homogeneous dispersion. Compared with the tradi-
tional TFA approach, the HTR strategy shows unique
advantages, such as facile synthetic process/conditions and
homogeneous nanoparticle size/morphology (Figure 1C). As
a proof-of-concept demonstration, the BiSb decorated
carbon with alloy particles of ~15nm (BiSb-HTR, Fig-
ure ID and F) is applied as anode material for KIBs,
showing high storage capacity and excellent cycling stability
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Figure 1. A) Schematic comparison between our HTR approach and conventional TFA method for the synthesis of bimetallic nanoparticles.

B) Temperature profiles of the HTR and TFA processes. The whole HTR

and TFA process takes ~15 s and ~ 10 h, respectively. C) A radar plot

showing a comparison between the conventional TFA method and our HTR approach in terms of reaction duration, heating/cooling rates, average
size, alloy content, and nanoscale uniformity. The reaction duration is compared as the inverse of time. The higher value of the two methods is
normalized to 1. D) TEM image of BiSb synthesized by HTR (BiSb-HTR). E) TEM image of BiSb synthesized by TFA (BiSb-TFA). F) Nanoparticle

size distributions of BiSb-HTR and BiSb-TFA derived from the TEM ima
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compared with its analogs obtained through the TFA
synthesis (BiSb-TFA, Figure 1E and F). In addition, the
formation mechanism of BiSb-HTR in the synthesis process
is investigated by ex situ X-ray diffraction (XRD) together
with SEM characterizations. Furthermore, in situ XRD
technique reveals the K* storage mechanism of BiSb-HTR
during the potassiation/depotassiation processes. This study
can shed light on the new, rapid and scalable fabrication of
high-quality bimetallic alloys toward extended applications
of energy storage, energy conversion and electrocatalysis.

Results and Discussion

As shown in Figure S1, a homemade setup is used to carry
out the HTR synthesis, during which an electrical pulse was
applied to enable Joule heating to achieve precise control on
the temperature and time of reaction. Taking BiSb-HTR as
an example, the as-prepared white powdery precursors were
spread on a carbon cloth (Figure 2A(i) and S2A). Fig-
ure 2A(ii)) and the inset of Figure S2B show schematic
diagrams and digital photographs of samples during HTR
treatment, respectively. After the HTR treatment (Fig-
ure S2C), the precursor is converted into a carbon composite
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containing bimetallic alloy nanoparticles and encapsulated
NaCl, and the NaCl salts were subsequently removed by
rinsing to get the final product (Figure 1D).

Ex situ XRD and SEM measurements were conducted
to study the formation mechanism of the BiSb-HTR.
Figure 2A shows ex situ contour plot of the XRD results
obtained for the structural evaluation process of salt-loaded
NaCl and the corresponding temperature-time evolution
during the HTR treatment process. Initially, a typical HTR
synthesis includes generating a high temperature of
~1340 K in 3.0 s, holding constant temperature for 7.0 s and
cooling down to room temperature in 5.0 s after turning off
the power supply (Figure S2B). Before the HTR treatment,
metal salt, C;H;;N;0, and NaCl are well-mixed and freeze-
dried to obtain precursors. As illustrated in Figure 2B, the
surface of the precursors is smooth. As the heating time is
extended to 1.5s, three peaks at 28.2°, 32.6° and 40.2° for
precursor salts weaken or disappear (Figure 2A and S3),
indicating that the decompositions of organic metal salts
occur. Instead, when we increase the heating time from 1.5 s
to 10.0's, the four new peaks located at 27.8°, 38.7°, 40.6°
and 49.9°, corresponding to the (012), (104), (110) and (202)
crystal plane of BiSb-HTR, are gradually getting intensified,
demonstrating that the ultrashort manufacturing time is
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Figure 2. A) Ex situ contour plot of the XRD results representing the structural evaluation of precursors and the corresponding temperature-time
evolution during an HTR treatment of 10 s. Inset i and ii are the schematic diagrams of samples before and during HTR treatment, respectively.
Inset iii is the XRD pattern of BiSb-HTR. B)-E) SEM images of precursors upon heating under different times.
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capable of achieving the ultrafast crystallization of the BiSb-
HTR alloys. Meanwhile, as shown in Figure 2C, the ultrafine
nanoparticles are firstly discovered between adjacent NaCl
crystals. With a longer heating duration (~3.0s), the
formation of crumpled carbon sheets and more alloy nano-
particles is observed (Figure 2D). The formed carbon sheets
are beneficial for the formation and stabilization of bimet-
allic nanoparticles."!! The ultrarapid heating/cooling rate
avoids the agglomeration/evaporation of metal contents and
achieves ultrafine alloy nanoparticles with homogeneous
dispersion. Upon prolonging the heating time to 10.0s,
thousands of ultrafine and homogeneous BiSb nanoparticle
decorated carbon sheets are observed on the surface of
NaCl crystals (Figure 2E). The XRD pattern of the BiSb-
HTR in Figure 2A(iii) can be indexed to hexagonal BiSb
alloy with the (166) space group (PDF#35-0517),l% proving
the successful formation of the target composite through the
HTR synthesis. Therefore, our ultrafast HTR synthesis
method is more effective for fabricating ultrafine bimetallic
alloy nanoparticles with narrow size distribution and uni-
form dispersion.

Morphology and size of the as-fabricated BiSb bimetallic
nanoparticles are investigated by scanning electron micro-
scopy (SEM) at low/high magnifications (Figure 3A and
S4A), where the BiSb nanoparticles with an average particle
size of 14.9nm are uniformly embedded in the carbon

_I'TI|GIP|’|0I.IS
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nanosheets. The transmission electron microscopy (TEM)
image shown in Figure 3B further illustrates the nanoscale
size and morphology features of BiSb-HTR. It is noteworthy
that the BiSb nanoparticle shows a core—shell structure, with
a crystallized core and an outer amorphous shell. In the
high-resolution TEM (HRTEM) image in the inset of
Figure 3B, the measured lattice fringes of 0.32 nm match
well with the (012) crystal plane of BiSb. The diffraction
rings in the selected area electron diffraction (SAED)
pattern shown in Figure 3C further verifies the nanocrystal-
line structure of the ultrafine BiSb nanoparticles. The Bi
and Sb elements are uniformly dispersed in the spherical
BiSb nanoparticles, which are supported by the N-doped
carbon substrate, as evidenced by high-angle annular dark-
field scanning TEM (HAADF-STEM) and energy-disper-
sive spectroscopy (EDS) elemental mapping (Figure 3D and
E).

For comparison, we use the same precursors to prepare
the BiSb-TFA nanoparticles via the traditional TFA method
with a heating rate (3 Ks™) to 873 K, dwelled for 5 hours,
followed by slowly cooling (0.1 Ks™') to room temperature.
The BiSb-TFA shows a similar XRD profile to BiSb-HTR
without any other diffraction peaks for impurity phases
(Figure SSA). Nevertheless, the BiSb-TFA nanoparticles
present irregular polyhedral morphologies with a much
wider size distribution from 30 nm to 210 nm (Figure S4B
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Figure 3. A) SEM image, B) high magnification TEM image, (inset) HRTEM image, C) SAED pattern, D) HAADF-STEM image, E) EDX-elemental
mapping images of BiSb-HTR. F) Comparison of the heating temperature and time between this work and reported literatures. G) TGA curves of

BiSb-HTR and BiSb-TFA.
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and S5B-E) due to the slow heating/cooling rate and long
annealing durations. As demonstrated in Figure 3F and
Table S1,5">" the fabrication technique used in this study
can accomplish the preparation of high-quality bimetallic
alloys in an ultrashort duration of ~15s at a high temper-
ature of ~1340 K, which can effectively avoid the evapo-
ration of metallic components, the risky utilization of H,,
and eventually leading to a nanostructure with uniformly
dispersed ultrafine alloys at high mass loading. Additionally,
such high efficiency is extremely beneficial for the scale-up
manufacturing of these materials. To demonstrate the
superiority of the fast preparation for synthesizing bimetallic
alloy nanoparticles, the contents of alloy constituents are
evaluated through thermogravimetric analysis (TGA). The
alloy content of the BiSb-TFA is calculated to be ~65.6 %,
whereas the BiSb-HTR has a higher alloy content of
~73.7% (Figure 3G).

The nitrogen adsorption/desorption isotherm was carried
out to evaluate the porosity characteristics of BiSb-HTR, as
shown in Figure S6A and S6B. It can be seen that the BiSb-
HTR has a typical type IV adsorption/desorption curve with
H1 type hysteresis loop, demonstrating its mesoporous
structure. In addition, the BiSb-HTR possesses a specific
surface area of 214.4 m?’g™', accompanied by a dominating
pore diameter of 39.1 nm. Such mesoporous architecture can
contribute to the fast diffusion of K ions, leading to
outstanding cycling stability. The BiSb-TFA has a mesopo-
rous structure similar to BiSb-HTR (Figure S6C and S6D).
The two peaks located at 1322 and 1582 cm™' in Raman
spectrums (Figure S7TA) can be assigned to the disordered
D-band and graphitic G-band, respectively."¥ The similar
Ip/1; ratios of BiSb-HTR and BiSb-TFA indicate the typical
amorphous carbon structure in the nanomaterials. The X-
ray photoelectron spectroscopy (XPS) analysis is employed
to investigate the chemical composition of the BiSb-HTR
nanoparticles, where Bi, Sb, C, N and O elements have been
observed (Figure S7B). Attentively, the appearance of O/N
should be originated from the carbonization of organic
components and ammonium citrate. In addition, the XPS
spectrum of Bi 4f (Figure S7C) is separated into two peaks
centered at 159.7 and 165.0 eV, corresponding to Bi 4f;, and
Bi 4fs),, respectively. The two peaks with bonding energies
of 531.0 and 540.4 eV in the Sb 3d spectrum correspond to
Sb 3ds, and Sb 3ds,, respectively (Figure S7D). Due to the
surface oxidation of the sample during the test process, the
binding energies of Bi 4f,, and Sb 3dy, are higher than the
standard Bi° 4f,, and Sb° 3ds;, values, as confirmed by the
abnormal signal O 1s in Figure S7D. This phenomenon is
similar to the reported results in the literatures.”"! The
carbon bonding was analyzed by fitting the high-resolution
XPS spectrum of C 1s (Figure S7E) as four peaks located at
284.6, 285.6, 288.1 and 292.2 eV, corresponding to the C—C/
C=C, C-0O/C-N, C=0 and HO-C=O0, respectively. The N 1s
spectrum in Figure S7F deconvoluted into the three peaks
reveals the presence of pyridinic nitrogen (N-6), pyrrolic
nitrogen (N-5) and graphitic nitrogen (N—Q),!'® demonstrat-
ing the successful doping of N heteroatom into the carbon
matrix.['”)
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It is known that the composition of electrolyte has an
important influence on the reactions at electrode/electrolyte
interface and the cycling properties of electrodes.'! In this
regard, the electrochemical performance of the as-fabricated
BiSb-HTR was evaluated in three kinds of electrolytes
including 0.8 M KPF, in EC/DEC, 3 M KFSI in DME and
5M KFSI in DME. In a traditional ester-based electrolyte
(0.8 M KPF; in EC/DEC), the discharge/charge capacities of
BiSb-HTR anode demonstrate fast fading during 200 cycles
at current densities of 0.2 and 0.5 Ag™' (Figure S8A and
S8B), which is originated from the incompatibility of
electrolyte components and alloy anodes, as well as the
excessive decomposition of solvents.'”) In contrast, when we
changed the electrolyte from an ester-based KPF, electro-
lyte to an ether-based KFSI electrolyte (3 M KFSI in DME),
the significantly enhanced cycling stability of BiSb-HTR
anode was observed, delivering discharge specific capacities
of 2741 and 215.5mAhg™' after 200cycles at current
densities of 0.2 and 0.5Ag' (Figure S8C and S8D),
respectively. These comparative results elucidate that the
formation of stable SEI film in an ether-based KFSI electro-
lyte at a lower concentration can allow the alloy anode to
achieve relatively stable cycles.'**! Tn an ether-based KFSI
electrolyte at 5M, the BiSb-HTR anode presents the best
performance, showing the maximum reversible capacities
(343.0/322.4 mAhg™") at the 200" cycles at current densities
of 0.2 and 0.5 Ag™' (Figure 4A). These comparative results
signify that the different K* solvation structures in the
different electrolyte compositions may result in different
electrochemical performances. The decreased solvent molec-
ular polarization caused by the stronger interactions
between FSI™ and K™ can lead to higher electrolyte stability
and compatibility with the alloy anode in the electrolyte of
5 M KFSI in DME, which accounts for the most remarkable
potassium storage properties.”!! Based on the above dis-
cussion, the optimized electrolyte composition (5 M KFSI in
DME) was selected to test the electrochemical performance
of BiSb-HTR electrodes in KIBs.

The initial three cyclic voltammetry (CV) curves of the
BiSb-HTR anode are shown in Figure 4B. During the first
discharge cycle, three broad cathodic peaks from 0.02 V to
1.25 V are observed, which can be ascribed to the generation
of irreversible solid electrolyte interphase (SEI) layer on the
surface of the electrode material, the irreversible intercala-
tion of K ions in the carbon substrate, and the alloying
reaction of K ions and BiSb nanoparticles. In the following
discharging and charging processes, the appearance of two
reduction peaks located at 0.61 and 0.20 V indicates the two-
step alloying reaction: BiSb—KBiSb—K;BiSb. Correspond-
ingly, two oxidation peaks appearing at approximately 0.72
and 1.25V indicate the reversible two-step depotassiation
process of K;BiSb—KBiSb—BiSb.'* And the BiSb-TFA
anode exhibits a similar dealloying/alloying reaction mecha-
nism (Figure S9A). Notably, the CV curves of the BiSb-
HTR anode are almost overlapped with each other after the
first scan, manifesting the highly reversible potassiation/
depotassiation behavior.

The galvanostatic charge—discharge (GCD) curves for
BiSb-HTR are presented in Figure 4C at a current density
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Figure 4. Electrochemical performance of samples as KIBs anodes in half cells: A) Specific capacities of BiSb-HTR using different electrolytes at the
200" cycle at 0.2 and 0.5 Ag~". B) CV curves of BiSb-HTR at a scanning rate of 0.1 mVs~'. C) GCD voltage plots of BiSb-HTR from the 1% to 800"

cycles. D) Cycling performance of Sb-HTR, BiSb-HTR and BiSb-TFA at 0.2

Ag™'. E) Long-term cycling performance of BiSb-HTR at 0.5 Ag™".

F) Comparison in cycling performance of BiSb-HTR with other reported Bi/Sb-based KIBs anodes.

of 0.2 Ag™'. The BiSb-HTR anode can achieve an initial
Coulombic efficiency (CE) of 66.1 %, with discharge and
charge capacities of 617.4 and 407.8 mAhg . For the BiSb-
TFA anode, a lower initial CE value of 62.4 % is achieved,
based on discharge and charge capacities of 524.7 and
327.4 mAhg . The irreversible capacity loss in the first cycle
can be related to the irreversible K* insertion and the
formation of SEI film. Most significantly, the GCD curves at
the 30", 100™, 200", 300", 400", 500", 600", 700" and 800™
cycles of the BiSb-HTR anode show no obvious difference,
signifying the high cycling stability and electrochemical
reversibility of the BiSb-HTR anode in KIBs. Figure 4D
illustrates the superior cycling performance of BiSb-HTR
anode over 800 cycles at 0.2 Ag™'. Interestingly, the stable
CE over 98% for the BiSb-HTR anode is observed after
20 cycles in ether-based KFSI electrolyte, which has also
been observed in previous studies.”? This phenomenon is
mainly attributed to the relatively slow formation of SEI
film in the ether-based electrolyte.*! Outstanding cycling
stability is delivered with a high reversible capacity of
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3248 mAhg ' after 800 cycles, corresponding to a high
capacity retention of 90.6 % compared with the specific
capacity value in the 30™ cycle, along with an average
capacity decay rate of 0.0088 % per cycle. In contrast, the
specific capacity of the Sb-HTR undergoes a fast fading,
which is only 141.7mAhg™"' after 400 cycles with lower
capacity retention (45.9 %). The contrastive results indicate
the bimetallic alloy nanoparticles (i.e., BiSb) have excep-
tional cycling stability compared with the monometallic
nanoparticles (i.e., Sb), owing to the ameliorated stress
buffering capability originating from the collaborative con-
tribution of binary elements. As the cycle continues, the
reversible specific capacity of BiSb-TFA gradually declines
and delivers a capacity of 268.3mAhg™' after 800 cycles
(Figure 4D and S9B). These results suggest the ultrafine
bimetallic alloys with narrow size distribution synthesized by
the ultrafast HTR method can be given rise to the excep-
tional specific capacity of the BiSb-TFA anode. The rate
performance of the BiSb-HTR is shown in Figure S9C, with
discharge-specific capacities of 490.9, 356.9, 289.7, 222.2 and

© 2023 Wiley-VCH GmbH

85U8017 SUOWWIOD @A R0 3|ded|(dde ay) Aq pausenob afe ssjoiie YO ‘@SN JO Sa|NJ 1o Akeiq 1 8Ul|UO AB]1M UO (SUORIPUOD-PUR-SUIBY W00 A3 | 1M ARe.q Ut jUO//SANY) SUORIPUOD Pue swe | 8L} 83S *[202/80/92] Uo Areiqiauluo Ajim ‘Ariqi Aisieaun enybus L Aq 00980€202 31LUe/Z00T OT/I0p/W00" A3 1M Afe.q 1 Ul |UO//SAY WO} papeojumod ‘9z ‘€202 ‘ELLETZST



GDCh
~~

1143 mAhg! at the current densities of 0.1, 0.2, 0.5, 1.0 and
2.0 Ag™. Notably, the BiSb-HTR electrode recovers a
specific capacity of 350.0 mAhg'. For comparison, the
BiSb-TFA anode shows lower specific capacities in rate
testing (Figure S9D). Intriguingly, the BiSb-HTR can out-
perform the BiSb by the TFA approach in the terms of the
rate properties and cycling stability in KIBs. Figure 4E
shows the long-term cycling stability of the BiSb-HTR under
a high current density of 0.5 A g™". More impressively, as the
cycling test advances, the reversible capacity of BiSb-HTR
anode retains at 297.4 mAhg™" after 1000 cycles with a high
capacity retention of ~93.7%, accompanied by a low
capacity decay rate of only 0.0063 % per cycle comparing
with the 10" cycle. By contrast, the BiSb-TFA anode shows
a lower reversible capacity (229.1 mAhg ! after 1000 cycles)
and a higher capacity decay rate, which are probably due to
the relatively low alloy loading and large particles size of
BiSb alloy in the BiSb-TFA nanocomposite (Figure S10A).
The BiSb-HTR anode achieves reversible discharge capaci-
ties of 174.5 and 158.4 mAh g 'after 1000 and 2000 cycles at
1.0 Ag™" (Figure S10B). The electrochemical performance
of BiSb-HTR is comparable or even better than those of
other previously reported Bi/Sb-based KIBs anodes (Fig-
ure 4F).>-0.12130220.23] Thege results explicate that the unique
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structural advantages of BiSb nanocomposite including
ultrafine size, uniform distribution and high alloy content,
are responsible for the ultrastable and highly reversible
(de)potassiation storage behavior in KIBs.

To probe the K* storage mechanism of BiSb-HTR as an
anode in KIBs, in situ XRD technique was implemented
and the contour plot results are illustrated in Figure 5.
During the 1* K* insertion process, the (012), (104) and
(110) characteristic peaks of BiSb-HTR gradually weaken
and eventually disappear. As discharging to 0.15 V, two new
peaks with different intensities indexed to the (220) and
(311) plane of K;BiSb at 29.5° (strong) and 33.7° (weak)
appear, elucidating the phase transfer from BiSb to
K;BiSb.'""! During the initial depotassiation, the character-
istic peaks for intermediate phase (KBiSb) have arisen at
0.75 V, and finally turns to BiSb phase after further charging
to 1.3V. During the 2™ K intercalation round, two
characteristic peaks of KBiSb are firstly observed at 0.6 V,
and then replaced by the peaks of K;BiSb due to the
continuous potassiation,[sl which is distinct from the struc-
tural evolution during the 1% potassiation. From the 2™
cycle, the subsequent charging process follows the same
phase transformation as that in the 1% charging cycle
although the discharging processes in the 1 and 2™ rounds
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Figure 5. A) Contour plot of the in situ XRD patterns of BiSb-HTR anode and the corresponding charge/discharge curve during the 1% and 2™ K*
insertion/extraction cycles. B) Schematic illustration of the potassium storage mechanism.
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are different. These phenomena demonstrate the high
reversibility of the BiSb-HTR anode during potassiation/
depotassiation processes (Figure 5B). The relevant electro-
chemical reactions can be summarized as follows:

1% discharge process:

BiSb + 3 K* + 3e™ — K;BiSb 6))
1% charge process:

K;BiSb—2K*—2¢~ — KBiSb—K"—e~ — BiSb )
2™ discharge process:

BiSb + K" + ¢~ — KBiSb +2K" +2e~ — K;BiSb 3)
2™ charge process:

K;BiSb—2K*—2e¢~ — KBiSb—K"—e~ — BiSb (4)

To investigate the origin of the superb potassium storage
property of the BiSb-HTR electrode, the galvanostatic
intermittent titration technique (GITT) test and capacitive-
effect contribution calculation were carried out. The two
electrodes are charged in the first cycle by applying a pulse
current at 0.05 Ag' for a duration period of 20 min and
relaxation intervals for 2h (Figure S11A). Figure S11B
shows the K-ion diffusion coefficients of two anodes from
GITT curves. Noticeably, a higher K" diffusivity coefficient
in the BiSb-HTR anode is observed compared with that in
the BiSb-TFA anode during the potassiation/depotassiation
process. These results manifest that the ultrafine particle
size (~15nm) of the BiSb-HTR contributes to the fast
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diffusion of K ions, accounting for the enhanced electro-
chemical kinetics and the preeminent cycling per-
formance.”"

To further investigate the composition and morphology
evolution of the BiSb-HTR anode, ex situ TEM and SEM
were conducted and results are shown in Figure S12. The
inset of Figure S12A presents the digital photograph of the
BiSb-HTR electrode after 1000 cycles. It is seen that the
electrode is intact (i.e., the active material does not fall off
from the Cu foil), signifying that the BiSb-HTR anode can
effectively relieve the stress/strain arising from the volume
fluctuation during repeated charge/discharge processes. As
shown in Figure S12A, the uniform distribution of the
ultrasmall nanoparticles is well maintained after battery
cycling, without noticeable particle agglomeration. The
HRTEM image in Figure S12B contains featured lattice
spacing of 0.32nm for the (012) plane of BiSb alloy,
indicating the preserved crystallinity of the anode material.
The EDX-elemental mapping images reveal the homoge-
neous distribution of Bi, Sb and K after cycling (Figure S12C
and S12D), which is agreeing well with the original images
for the freshly prepared BiSb-HTR.

The potassium-ion full battery was assembled using a
PTCDA cathode and a BiSb-HTR anode, as depicted in
Figure 6A. Before the study on full battery, the electro-
chemical properties of the PTCDA cathode are tested in
half-cells using metallic potassium as counter electrode. The
test results demonstrate a reversible specific capacity of
1340 mAhg™" after 50 cycles at 0.1 Ag™' and good cycling
durability in a voltage range of 1.5-3.5V (Figure S13). As
presented in Figure S14A, the working voltage interval of
the BiSb-HTR//PTCDA full cell is set over 0.8-3.2 V.
Figure 6B and C show that the BiSb-HTR//PTCDA battery

—02
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Figure 6. A) Schematic illustration of the discharge mechanism of BiSb-HTR//PTCDA K-ion full cell. Electrochemical performance of BiSb-HTR//
PTCDA full cell: B) Charge/discharge curves and C) rate capability at different current densities. D) Cycling performance at 1.0 Ag™".
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achieves competitive specific capacities of 380.6, 275.0,
237.6, 225.6, 187.8, 146.6, 120.0, 102.3 and 88.9 mAhg™
(calculated based on anode mass) at various current rates
from 0.2 to 10.0 Ag'. Additionally, the full cell exhibits a
good cycling performance, where a reversible specific
capacity of 238.4 mAhg™' (calculated based on the anode
mass) and a high CE of 100 % after 100 cycles at 1.0 Ag ™" is
maintained (Figure 6D). The capacity loss in the initial
cycles of the BiSb-HTR//PTCDA K-ion full cell is related to
the formation of SEI film on BiSb-HTR anode,? which is
actually consistent with the initial cycling performance of
BiSb-HTR anode in half-cells. The capacity loss is also a
common observation in previously reported work®! due to
the formation of SEI film. As shown in Figure S14B, the
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assembled full cell can successfully light up a lamp set with
three light-emitting diodes (LED) bulbs, demonstrating the
practical application prospect of BiSb-HTR anode in
advanced KIBs.

More importantly, the rapid HTR synthetic method
based on radiative heating is not only limited to the specific
BiSb alloy above but also can be readily extended to the
manufacture of other bimetallic alloy nanoparticles, which
creates more opportunities for the applications of nano-sized
high-quality alloys (Figure 7A). To validate the universality
and versatility of this HTR technique, we successfully
synthesized other high-quality bimetallic alloy nanoparticles,
such as SnSb, CoSb, NiSb, FeSb, SnBi, and Cu,Sb, from the
corresponding precursor powders (Figure S15). XRD pat-

@ Ultrafine nanosize
@ High-density uniformly dispersion
# High alloy content

High-quality nanomaterials
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Figure 7. A) The compositional designs in a neural network diagram. Extended new space of bimetallic alloy by our HTR method. Schematic
illustration of the combinatorial synthesis of an extensive series of high-quality bimetallic alloy nanoparticles. B)-E) High magnification SEM
images, nanoparticle size distributions, XRD patterns, and TGA curves of SnSb, CoSb, NiSb, and FeSb. F) Schematic illustration of the roll-based

large-scale production of high-quality anode nanomaterials.
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terns of the HTR-fabricated binary nanocomposites can
match well with the corresponding standard cards, corrobo-
rating the successful transition of the precursor into bimet-
allic alloy nanoparticles after the present ultrafast HTR
treatment. Figure 7B-E, Figures S16 and S17 show the SEM
images of the SnSb, CoSb, NiSb, FeSb, Cu,Sb and SnBi
samples at different magnifications, where numerous nano-
particles are homogeneously distributed on carbon matrix
with average particle sizes of 23.9 nm for SnSb, 19.5 nm for
CoSb, 159nm for NiSb, 20.8 nm for FeSb, 19.0 nm for
Cu,Sb and 20.6 nm for SnBi. Besides, according to the TGA
results in Figure S18, the alloy contents of the SnSb, CoSb,
NiSb, FeSb, Cu,Sb and SnBi nanocomposites manufactured
through the HTR treatment are maintained at a higher level,
which is extremely important for the practical application of
alkali metal ion batteries. Based on the high practicability
and efficiency of this HTR synthetic technique, we were
able to produce over 6.4 g of the BiSb nanomaterials (Inset
of Figure 7F). This ability to synthesize a broad range of
high-quality bimetallic nanoparticles reveals the universality
of our high-effective and facile strategy for manufacturing
high-performance KIBs anodes. Such universality, predict-
ably, can lead to high-efficient, lost-cost and large-scale
manufacturing of high-quality anode materials for EESSs,
when combined with the well-developed roll-to-roll system
(Figure 7F).

Conclusion

In summary, we develop an ultrafast and general HTR
method for the fabrication of high-quality bimetallic alloy
nanocomposites. The unique features (i.e., ultrahigh ramp-
ing/cooling rates and seconds-short heating durations) of the
HTR process ensure the synthesis of ultrafine bimetallic
alloy nanoparticles with narrow size distribution, uniform
dispersion, and high metal content, which correspondingly
contribute to surpassing the inherent limitations of tradi-
tional TFA synthesis method. As a proof-of-concept demon-
stration, we utilize the HTR strategy in the rapid synthesis
of high-quality BiSb nanoparticles. The obtained BiSb-HTR
can be used as a promising anode for KIBs, delivering
ultrahigh cycling stability over 800 cycles (0.0088 % decay
rate with the remaining capacity of 324.8 mAhg™) than
those of the KIBs based on the Sb-HTR and BiSb-TFA
anodes. The electrochemical reaction mechanism of BiSb
—~KBiSb—K;BiSb during the charge/discharge process is
proved by in situ XRD. Additionally, the HTR synthetic
technique is extendable to prepare other bimetallic alloy
nanoparticles, such as SnSb, CoSb, NiSb, FeSb, SnBi, and
Cu,Sb, indicating universality and versatility. This work can
pave a new path for the ultrafast nanomanufacturing of
high-performance alloying anode, which is currently hard to
be achieved by conventional methods.
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