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Potassium-ion batteries (PIBs) have been considered as promising alternatives to lithium-ion batteries

due to potassium’s high natural abundance of 2.09 wt% (vs. 0.0017 wt% for Li) and K/K+ having a low

redox potential of �2.93 V (vs. �2.71 V for Na/Na+). However, PIB electrodes still suffer huge challenges

due to the large K-ion radius and slow reaction dynamics. Herein, we report a high-capacity Sb@CSN

composite anode with Sb nanoparticles uniformly encapsulated by a carbon sphere network (CSN) for

PIBs. First-principles computations and electrochemical characterization confirm a reversible sequential

phase transformation of KSb2, KSb, K5Sb4, and K3Sb during the potassiation/depotassiation process. In a

concentrated 4 M KTFSI/EC + DEC electrolyte, the Sb@CSN anode delivers a high reversible capacity of

551 mA h g�1 at 100 mA g�1 after 100 cycles with an extremely slow capacity decay of only 0.06% per

cycle from the 10th to 100th cycle; when at a high current density of 200 mA g�1, the Sb@CSN anode

still maintains a capacity of 504 mA h g�1 after 220 cycles. The Sb@CSN anodes demonstrate one of the

best electrochemical performances for all K-ion battery anodes reported to date. The exceptional

performance of Sb@CSN should be attributed to the efficient encapsulation of small Sb nanoparticles in

the conductive carbon network as well as the formation of a robust KF-rich SEI layer on the Sb@CSN

anode in the concentrated 4 M KTFSI/EC + DEC electrolyte.

Broader context
Recently, potassium-ion batteries (PIBs) have attracted increasing attention due to their low cost, abundant K resources, and low redox potential. However,
conventional alloy PIB anodes still suffer from short cycle life due to huge volume changes during insertion/de-insertion of large-radius K ions. In this work, we
significantly enhanced the cycling stability of Sb alloy anodes by dispersing nano-Sb into a porous sphere network (Sb@CSN) to mitigate the volume changes of
Sb@CSN and using a highly concentrated 4 M KTFSI/EC + DEC electrolyte to form a robust KF-rich solid electrolyte interphase on Sb@CSN. The synergistic
effect of the porous carbon substrate and robust SEI greatly enhance the electrochemical performance of the Sb@CSN anode. The synergistic design of K-ion
battery alloy anodes will inspire battery scientists to deeply understand the fundamental electrochemistry in PIBs and will be very useful in developing the next
generation of high-performance PIBs.

Introduction

With the continuously increasing consumption of traditional non-
renewable energy sources along with severe global environmental

issues, developing efficient and renewable energy storage
technologies has never been more urgently required. Lithium-
ion batteries (LIBs) as an efficient electrical energy storage
technology have been successfully developed and widely used
in various types of electronic devices and electric vehicles.1,2

However, the broad utilization of LIBs in large-scale energy
storage systems is still significantly hindered by the limited
and unevenly distributed availability of Li in the earth’s crust
(0.0017 wt%).3,4 In the past decades, many efforts have been
devoted to developing alternative batteries using earth-abundant
and cheap materials. Recently, sodium-ion batteries (SIBs) and
potassium-ion batteries (PIBs) have received increasing attention
because of their high abundance (2.36 and 2.09 wt% for Na
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and K, respectively) and low cost.5 Especially for PIBs, the lower
redox potential (�2.93 V) for K/K+ than for Na/Na+ (�2.71 V vs.
SHE) guarantees a higher operation voltage and higher energy
density, making them a promising candidate for high-energy-
density and low-cost electrical energy storage applications.

Significant advances have been achieved in developing
high-performance PIB cathode materials such as amorphous
FePO4,6 FeSO4F,7 Prussian blue,8 Prussian green,9 and organic
materials.10 The research on anode materials mainly focuses on
carbonaceous materials, such as hard carbon,11 soft carbon,12

graphite,13,14 and reduced graphene oxide.15 However, these
carbonaceous materials have a low capacity of less than
300 mA h g�1. Metal anodes through an alloying/de-alloying
reaction with K can provide a much higher specific capacity
than that of intercalation type anodes.16 As a result, adding
metal into carbon materials can significantly enhance the
capacity of carbonaceous materials. Recently, a Sn–carbon
composite prepared by mechanical ball-milling of Sn powder
with graphite was reported for PIBs. However, the capacity of
the Sn–C composite anode quickly drops from 288 mA h g�1

after the 1st cycle to a low value of 150 mA h g�1 after the 30th
cycle even at a low current density of 25 mA g�1.17 Such rapid
capacity decay is caused by the large volume change during
alloying/de-alloying processes, which leads to obvious electrical
disconnection between the electrode material and current
collector.18 Although encapsulation of Sn nanoparticles in a
carbon skeleton,19 mesoporous nanostructured carbon,20 or
nanocrystalline materials21 can mitigate the damage from
volume expansion/contraction during cycling, the capacity of
Sn@C anodes still declines during the charge/discharge cycles
due to high mobility of Sn nanoparticles. Alternatively, anti-
mony (Sb) with a low mobility has been investigated for PIB
anodes. As in Li-ion and Na-ion batteries,22,23 Sb can also form
K3Sb24 by reacting with K. However, the Sb-based anode pre-
pared by simple ball-milling of a mixture of carbon black
and ‘‘bulk’’ antimony powder can only provide a capacity of
250 mA h g�1 after 50 cycles, similar to the Sn@C anode in
PIBs.25 Furthermore, electrolytes are also critical for stabilizing
PIB anodes because the nature of the solid electrolyte inter-
phase (SEI) layer on the anode significantly affects the cycling
performance of PIBs.26 However, to our best of knowledge, only
limited studies on SEI design via rational electrolyte regulation
have been reported.27,28 Therefore, in order to achieve a high
capacity and excellent cycle stability for a Sb-based K storage

process, nanostructure improvements as well as electrolyte
design should be considered simultaneously.

Herein, a novel type of Sb-based composite is prepared via a
scalable electrospray-assisted strategy. This approach enables Sb
nanoparticles to be uniformly encapsulated by an interconnecting
carbon sphere network (Sb@CSN), which not only works as a
buffering matrix to mitigate the deleterious mechanical damage
from the large volume changes during alloying/de-alloying cycling,
but also acts as a highly conductive framework for fast electron
transport. More importantly, we also regulate the components of
ester-based electrolytes to promote the formation of a KF-rich SEI
layer on the Sb@CSN anode. Surprisingly, the Sb@CSN composite
in the optimized 4 M KTFSI/EC + DEC electrolyte delivers an
excellent reversible capacity of 551 mA h g�1 at 100 mA g�1 after
100 cycles with a low capacity decay of 0.06% per cycle from the
10th to 100th cycle and 504 mA h g�1 even at a high current
density of 200 mA g�1 after 220 cycles. Sb@CSN composite anodes
also show an excellent rate performance by providing a high
capacity of 589 mA h g�1 at 50 mA g�1 and still maintaining
530 mA h g�1 even at 200 mA g�1. These outstanding perfor-
mances should be attributed to the novel nanostructure of Sb
nanoparticles uniformly encapsulated in the conductive carbon
network and the formation of a more stable and robust KF-rich SEI
layer on Sb@CSN in the optimizd 4 M KTFSI/EC + DEC electrolyte.
To our best knowledge, the Sb@CSN composites in our work show
one of the highest capacities and the longest cycle life for all
reported PIBs anodes to date.

Result and discussion

Sb@CSN materials were synthesized using a scalable electrospray-
assisted strategy, as illustrated in Scheme 1. Under the con-
trollable high-voltage electrostatic field between the needle
and the substrate collector, the precursor solution containing
polyacrylonitrile (PAN) and SbCl3 was nebulized to generate
high concentrations of highly charged microdroplets when
dried in free flight, which served as the primary building blocks
for porous 3D network construction. The formed PAN nano-
spheres with evenly-distributed SbCl3 (marked as SbCl3/PAN)
were collected from the substrate and then thermally stabilized
and reduced to generate uniform metal Sb nanoparticles which
were well confined in an in situ formed carbon sphere network
(CSN) to obtain the Sb@CSN material.

Scheme 1 Schematic illustration of the electrospray-assisted strategy for fabricating the Sb@CSN material.
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Fig. 1 demonstrates the structure and morphology of the
Sb@CSN composite material revealed by XRD, TG-DSC, Raman,
and SEM analysis. As shown in Fig. 1a, the XRD pattern of the
Sb@CSN material is consistent with hexagonal Sb (JCPDS no.
35-0732), without any other phases or impurities, indicating
that Sb3+ was reduced completely to metallic Sb during the
synthesis process. Using the Scherrer equation with the (012)
peaks of Sb, the average size of Sb crystallites was calculated at
around 18 nm. On the other side, the Raman spectrum was
used to reveal the structure properties of the carbon in Sb@CSN
composites. The Raman spectrum in Fig. 1b shows three bands
at 1350, 1597, and 2880 cm�1, corresponding to D, G and 2D
bands; moreover, the intensity ratio between the G and D band
(IG/ID) is 1.02, suggesting a high degree of graphitization for the
carbon in Sb@CSN, which should offer better electro-conductivity.29

To evaluate the content of Sb in the prepared Sb@CSN material,
TG-DSC analysis was carried out in air from room temperature
to 1000 1C, as displayed in Fig. 1c. The slight weight loss at
around 100 1C resulted from adsorbed solvent evaporation; the
main weight loss at around 500 1C is due to carbon oxidation.
According to the oxygen–antimony binary phase diagram
(Fig. S1a, ESI†), a small peak in the DCS curve at around
590 1C is attributed to the oxidation of Sb nanoparticles to form
Sb2O4.30 As a result, the mass loading of Sb for the prepared
Sb@CSN material can be calculated at around 37.8 wt%.

The morphology of the SbCl3/PAN precursor and Sb@CSN before
and after heat treatment is shown in Fig. 1d–f and g–i, respectively.

The as-prepared SbCl3/PAN precursor in Fig. 1d–f demonstrates
uniform spheres which interconnect to form a three-dimensional
(3D) network. Notably, these spheres have a crumpled surface,
probably formed by the capillary compression during the solvent
evaporation from the aerosol droplets.31 This crumpled surface
microstructure can be very beneficial for boosting the surface
area of the carbon network. After carbonization, the obtained
Sb@CSN maintains a similar microstructure and morphology,
indicating that the unique structure of the prepared material
can be maintained after the heat treatment. Fig. 1g–i illustrates
the interconnection between each primary carbon sphere with
embedded secondary Sb nanoparticles (Fig. S1b and c, ESI†),
which enables the continuous 3D conductive network to provide
a fast electronic and ionic transfer path and effectively accom-
modate the volume changes.

The microstructure and morphology of Sb@CSN were
also examined by TEM analysis, as shown in Fig. 2. Fig. 2a
represents a schematic illustration of uniform Sb nanoparticles
confined in a carbon sphere. The corresponding TEM image in
Fig. 2b indicates that the Sb nanoparticles are well-encapsulated
and uniformly distributed in the carbon sphere. The size distribu-
tion curve in Fig. 2c indicates a relatively narrow size distribution
for Sb nanoparticles in the prepared Sb@CSN material, with an
average size of 14 nm and a standard deviation of 3.4 nm, which is
consistent with the XRD results. The HRTEM image shown in
Fig. 2d suggests that the Sb nanoparticle has a good crystalline
structure, confirmed by the 3.1 Å distance of lattice fringes

Fig. 1 (a) XRD pattern, (b) Raman spectra, and (c) TG-DSC curves for the Sb@CSN material; SEM images of the (d–f) as-prepared SbCl3/PAN precursor
and (g–i) Sb@CSN composite.
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corresponding to the (012) plane of the metallic Sb. The
selected-area electron diffraction pattern (SAD) in Fig. 2e exhibits
the typical SAD pattern of metallic Sb. The lack of diffraction
rings corresponding to Sb2O4 suggests that the carbon matrix
serves as an effective barrier to prevent the Sb nanoparticles
from oxidizing. The element mapping images in Fig. 2f–h
suggest a uniform distribution of Sb nanoparticles in the carbon
sphere matrix.

According to the potassium–antimony binary phase diagram
(Fig. S2a, ESI†), there are four intermediate phases going
from KSb2 to KSb, K5Sb4 and then K3Sb with the increase of
the K content, and the corresponding crystalline structures are
exhibited in Fig. 3a. The equilibrium potential for the reaction
process of K with Sb was obtained using first-principles com-
putations based on density functional theory (DFT). As can be
seen from Fig. 3b, the thermodynamic equilibrium potentials
of KSb2 and KSb are 0.89 V and 0.849 V, respectively. Similarly,
the two adjacent equilibrium potentials of K5Sb4 and K3Sb
are 0.439 V and 0.398 V, respectively. The K concentration in
KxSb interphases corresponds to x = 0.5, 1.0, 1.25, and 3.0 with
a theoretical capacity of 108, 216, 270, and 660 mA h g�1,
occupying total capacity percentages of 16.4%, 16.4%, 8.2%,
and 59.1%, respectively. Furthermore, two prominent potential
platforms can be clearly found in the calculated potential
profile, corresponding to the equilibrium potentials of the above-
mentioned interphases. A dramatic potential drop from around
0.9 V to 0.4 V is seen when the capacity exceeds 216 mA h g�1;
subsequently, the potential profile slowly decreases from
0.439 V to 0.398 V, with the formation of K3Sb.

The electrochemical behavior of the Sb@CSN anode was
evaluated using cyclic voltammetry (CV) at a scan rate of

0.05 mV s�1 in coin cells using K as the counter electrode
and 4 M KTFSI/EC + DEC (abbreviated as ‘‘4 M KTFSI’’) as the
electrolyte. As displayed in Fig. 3c, two pairs of redox peaks at
approximate 0.4 V and 0.9 V potentials can be observed in the
CV curve during the alloying/de-alloying process, consistent
with the calculated intermediate KxSb phases located at around
0.9 V and 0.4 V in Fig. 3b. The alloying peak located at around
0.78 V in the potassiation process should be attributed to the
stepwise alloying reaction of Sb to form KSb2/KSb. Further-
more, the similar equilibrium reaction voltage between these
two intermediates leads to an appearance of the overlap broad
peak at 0.78 V. Another reduction peak centered at about 0.23 V
is also an overlap broad peak, which resulted from the approxi-
mate formation voltage for both K+ insertion in C and the step
formation of K5Sb4 and K3Sb alloys.32 Based on the potential–
capacity curve in Fig. 3b, the formation of K3Sb occupied a large
proportion of the theoretical capacity (58.5%), which is the
reason why the peak at 0.23 V is larger than that of 0.78 V. The
peak voltages both at 0.78 V and 0.23 V are slightly lower than
that of the corresponding value from theoretical calculations,
which is primarily due to the overpotential. In the reverse
anodic scan, there is a distinct anodic peak at 0.64 V and a
minor oxidation peak at 1.12 V, which is due to the extraction
reaction of K during the depotassiation reaction. In similar
manner, the peaks of K3Sb and K5Sb4 overlap with each other to
form a new broad apparent peak at 0.64 V but an inconspicuous
peak of KSb and KSb2 at 1.12 V. In the same situation of the
overpotential, these oxidation peaks gradually shifted to higher
potentials when compared with the theoretical values. Owing to
SEI film formation during the first cathodic scan, a lower current
peak after the initial cycle is observed, slightly distinguished

Fig. 2 (a) Schematic illustration of uniform Sb nanoparticles confined in a carbon sphere (Sb@CSN); (b) TEM image of an individual Sb@CSN
sphere and (c) corresponding size distribution curve of Sb nanoparticles from image (b); (d) HRTEM image, (e) selected-area electron diffraction pattern,
and (f–h) EDS images for one individual Sb@CSN sphere, (g) for C and (h) for the Sb element.
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from subsequent cycles where the SEI layer has already formed.33

However, after the second and subsequent reduction/oxidation
scans, the CV curves remain stable in their shapes and current
intensities. Therefore, the CV curves demonstrate that the
Sb@CSN material can perform a reversible alloying/de-alloying
reaction with K in a potential region of 0.01–2.0 V.

Energy dispersive spectroscopy (EDS) elemental mapping
was carried out to investigate the chemical composition of
the formed interphases during the charging/discharging pro-
cess. Fig. 3d shows the atomic percentages of K/Sb from the
Sb@CSN electrode taken at different cut-off voltages (2.0, 0.6,
and 0.01 V) during the 5th discharge process. The ratio of K/Sb
can provide insight into the composition of the alloy interphase
at each cut-off voltage. Obviously, along with the increasing
discharge depth from 2 V to 0.01 V, the atomic ratio of K to Sb
increases, indicating a deeper K alloying reaction with Sb.
Notably, the ratio of K/Sb maintains a constant value of 3.65
in EDS elemental mapping when the cut-off voltage is 0.01 V
(Fig. 3e), slightly higher than that of K3Sb, which is probably
attributed to the residual potassium salt from the electrolyte.
Furthermore, as shown in Fig. S2b–f (ESI†), the elements of C,
K and Sb have an even distribution on a nanometer scale

within the Sb@CSN electrode even at the highest discharge
depth of 0.01 V.

Fig. 4a shows the galvanostatic charge/discharge behavior
of Sb@CSN in the 4 M KTFSI concentrated electrolyte at a low
current density of 50 mA g�1 in the second cycle after the
formation of the SEI. The mass capacities of Sb were calculated
by subtracting the corresponding capacity contributed by the CSN.
The CSN material without any Sb provides 110 to 180 mA h g�1

capacity at a current of 50–200 mA g�1, as shown in Fig. S3 (ESI†).
In this work, evidently, the voltage profile exhibits two prominent
discharge voltage plateaus, located at about 0.78 V ending
with a capacity of about 216 mA h g�1 and 0.23 V ending with
B646 mA h g�1, corresponding to the potassiation reaction of
Sb to KSb2/KSb and K5Sb4/K3Sb, respectively, and two charge
platforms were found at 0.64 V and 1.12 V, which can be
attributed to the extraction reaction of K from K3Sb to Sb. Both
the platform voltages and intensity of these two discharging/
charging plateaus are in good agreement with the above-
mentioned CV experimental results and calculated voltage
profile. Fig. S4 (ESI†) shows the first galvanostatic charge–
discharge profile of the Sb@CSN anode for the same current
and electrolyte. In the first charge/discharge cycle, the Sb@CSN

Fig. 3 (a) Crystal structure of K and stages of the structure evolution from Sb to K3Sb during the potassiation process; (b) DFT calculated equilibrium
voltages (vs. K/K+) for the potassiation process; (c) CV curves for the Sb@CSN electrode at a scan rate of 0.05 mV s�1; (d) relative atom% of K and Sb from
EDS with different discharge cut-off voltages; (e) EDS element analysis for K3Sb with a discharge cut-off voltage of 0.01 V. (Cells from (c–e) are all in 4 M
KTFSI electrolyte.)
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anode delivered an initial alloying and de-alloying capacity of
1049 and 640 mA h g�1, respectively, leading to a low coulombic
efficiency (CE) of 61%. It can be ascribed to the formation
reaction of the irreversible SEI layer on the surface of the
electrode, which is consistent with the reported results of the
Sb anode.34 The quasi-thermodynamic equilibrium potential
and K+ diffusivity coefficient for Sb@CSN were measured using
the galvanostatic intermittent titration technique (GITT) after
10 charge/discharge activation cycles, as indicated in Fig. 4b.35

The cell was discharged/charged at a current pulse of 100 mA g�1

for a duration period of 20 min, followed by an open-circuit stand
for 120 min to allow full relaxation back to its quasi-equilibrium
potential. The quasi-equilibrium potential at different normalized
K insertion/extraction levels is indicated by the blue dotted lines
in the GITT curves. The potential difference between the end of
charge/discharge and the end of the relaxation period repre-
sents the overpotential in the corresponding depotassiation/
potassiation stage.36 It can be observed that the overpotential
for the depotassiation and potassiation process is as low as
0.15 V even at a high current of 100 mA g�1, suggesting fast K+

diffusion in the Sb@CSN material. Furthermore, the four
successive GITT curves displayed in Fig. S5 (ESI†) demonstrated
a reversible potassiation/depotassiation process with a repea-
table overpotential as low as 0.15 V. These results strongly
suggest that fast and reversible depotassiation/potassiation
dynamics can be achieved for the prepared Sb@CSN material
in the 4 M KTFSI electrolyte.

The cycle stability for the as-prepared Sb@CSN material was
investigated in 1 M KTFSI/EC + DEC (abbreviated as ‘‘1 M KTFSI’’)
dilute and 4 M KTFSI concentrated electrolytes, respectively.

Fig. 5a presents the cycling stability and its corresponding CE
during 100 charge/discharge cycles at 100 mA g�1 in 1 M and
4 M KTFSI electrolytes. Specifically, the capacity of the Sb@CSN
anode in the 4 M KTFSI electrolyte exhibits exceptional rever-
sibility and cycling stability, maintaining a stable capacity of
551 mA h g�1 after 100 cycles with a high average CE of 498%
and a low capacity decay of 5.3% from the 10th to 100th cycle;
while the capacity of the Sb@CSN material in the 1 M KTFSI
electrolyte fades rapidly, with only 286 mA h g�1 left after the
100th cycle with a fluctuant average CE of 95%. Similarly, the
capacity of the Sb@CSN anode in the common dilute 1 M KPF6/
EC + DEC electrolyte also delivers a rapid capacity loss, with a
discharge capacity of 603 mA h g�1 after the 2nd cycle but only
256 mA h g�1 after 100 cycles, as indicated in Fig. S6 (ESI†),
suggesting the significant improvement of the electrochemical
K-storage performance of the Sb@CSN material by electrolyte
optimization. Furthermore, the cycled Sb@CSN material also
maintained a completely spherical morphology with uniform
Sb nanoparticles encapsulated in a well-defined manner in the
carbon sphere (Fig. S7, ESI†), indicating excellent structure
stability and efficient relief of the huge volume change during
electrochemical reactions. These advanced properties should
be ascribed to the well-designed carbon sphere matrix which
can not only provide more space from its porous structure
and defects to accommodate the volume change,37 but also
possesses excellent flexibility and good adhesion to Sb nano-
particles to remarkably stabilize the Sb nanoparticles and
reduce the strain during the volume change process, protecting
the CSN from cracking.38

The impedance changes during charge/discharge cycles
were measured using electrochemical impedance spectroscopy
(EIS). Fig. S8 (ESI†) shows the impedance of Sb@CSN before
and after 100 cycles in 1 M and 4 M KTFSI electrolytes. It can be
observed that the initial charge transfer resistance in the 4 M
KTFSI electrolyte is higher than that in the 1 M KTFSI electro-
lyte, which can be attributed to the lower wettability of the
concentrated 4 M electrolyte on the Sb@CSN electrodes due to
the higher viscosity of the 4 M concentrated electrolyte than
that of the 1 M dilute electrolyte. After 100 charge/discharge
cycles, only a small increase in the electron-involving reaction
impedance is observed for Sb@CSN in the 4 M KTFSI electrolyte,
while a large electron-involving reaction impedance increase is
demonstrated in the 1 M KTFSI electrolyte. This result can be
probably attributed to the formation of a thinner solid electrolyte
interface (SEI) layer on Sb@CSN in the 4 M electrolyte.

The long-term cycling stability of the Sb@CSN composite in
the 4 M KTFSI electrolyte at a high current density of 200 mA g�1

was also evaluated. As shown in Fig. 5b and c, Sb@CSN at
200 mA g�1 in 4 M KTFSI still provides a high discharge
capacity of 626 mA h g�1 after the 2nd cycle, which is very
close to its theoretical capacity of 660 mA h g�1 (corresponding
to the formation of K3Sb). The capacity slightly decreases in
the initial 10 cycles and then stabilizes at 504 mA h g�1 after
200 cycles. Correspondingly, the CE increases in the first 10 cycles
and then approaches a consistent value of 98%. These results
manifest a reversible alloying–dealloying process between the

Fig. 4 Electrochemical K storage properties for Sb@CSN in the 4 M KTFSI
electrolyte. (a) Typical 2nd charge/discharge profile at 50 mA g�1;
(b) quasi-equilibrium voltage profile from the galvanostatic intermittent
titration technique (GITT) at 100 mA g�1.
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formation of Sb and K3Sb even at such a high current density.
Furthermore, Fig. 5d displays the charge–discharge profiles at
various current densities after 50 cycles. The charge/discharge
capacity only slightly decreases when increasing the current
density from 50 to 100 and then 200 mA g�1, along with a slight
capacity decay from 589 mA h g�1 to 566 mA h g�1 and then
530 mA h g�1, respectively, which indicates excellent rate
capability for the unique nanostructured Sb@CSN in the 4 M
KTFSI electrolyte. Moreover, the voltage plateaus at various
current densities show small differences, indicating only minor
electrochemical polarization augmentation when increasing to
a higher current.

Fig. 5e and Table S1 (ESI†) compare the electrochemical
performance of Sb@CSN in the 4 M KTFSI electrolyte with
reported K-ion battery anodes, including carbon-based anodes,
metal alloy anodes, and metal oxide (sulfide) anodes. It can
be found that Sb@CSN can achieve a high specific capacity of
551 mA h g�1 at 100 mA g�1 after 100 cycles with a capacity
decay of 0.06% per cycle from the 10th to 100th cycle and
504 mA h g�1 at a high current density of 200 mA g�1 even after
220 cycles, which are much better than all reported K-ion

battery anodes. Such excellent performance should be attributed
to (i) the carbon sphere network which not only acts as an efficient
conductive skeleton but also as a buffer for huge volume expan-
sion of Sb nanoparticles during the alloying/de-alloying reaction
process, (ii) the small Sb crystallite with an average size of 14 nm
which benefits the decrease of the K+ diffusion distance, and
(iii) the concentrated 4 M KTFSI electrolyte employed here which
can promote the formation of a robust SEI to obtain good
reversibility for the alloying/de-alloying reaction process.

The SEI compositions formed on Sb@CSN electrodes in 4 M
KTFSI and 1 M KTFSI electrolytes were analyzed using X-ray
photoelectron spectroscopy (XPS) coupled with the Ar+ etching
technique. As demonstrated in Fig. 6a and b, the signal of the
Sb element at the etching time demonstrated that the SEI in the
4 M KTFSI electrolyte is thinner than that in the 1 M KTFSI
electrolyte (Table S2, ESI†). Moreover, the SEI layer formed in
the 4 M KTFSI electrolyte delivers an obviously lower C at% and
higher F at% than that formed in the 1 M KTFSI electrolyte,
indicating that a F-rich and inorganic-dominated SEI layer is
preferentially formed in the 4 M concentrated electrolyte.39

Fig. 6c and d show the high resolution F1s XPS spectra for

Fig. 5 Electrochemical performance for the Sb@CSN anode: (a) cycling performance at 100 mA g�1 in 1 M KTFSI and 4 M KTFSI electrolytes (inset:
lighting an electronic candle with a coin cell in the 4 M KTFSI electrolyte after 100 cycles); (b) charge/discharge curves and (c) corresponding cycling
performance at 200 mA g�1 in the 4 M KTFSI electrolyte; (d) the 50th charge/discharge curve under various current densities from 50 to 200 mA g�1;
(e) capacity comparison of the Sb@CSN anode with previous reported anodes in PIBs, the numbers in brackets are the cycle numbers, and the color code
represents the cycling number range: red is o50 cycles, olive is 50 cycles, orange is 50 to 200 cycles, magenta is 4200 cycles.
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the electrode surface in 1 M KTFSI and 4 M KTFSI electrolytes,
respectively. Two main signal peaks centered at 685.0 and
688.1 eV in both electrolytes are assigned to F–K bonds and
F–C bonds, respectively.40 It can be found that at the outside
surface (corresponding to an etching time of 0 s) of the
Sb@CSN electrode in the 1 M KTFSI electrolyte, 69.20 at% of
the F element exists as organic F–C bonds, suggesting an
organic property of this surface. With the increasing etching
time, the content of F–C bonds decreases gradually to 16.81 at%,
indicating the changes of SEI composition from an organic
sublayer to an organic–inorganic hybrid sublayer. By contrast,
the content of F–C bonds in the SEI layer formed in the 4 M
KTFSI electrolyte is distinctly lower than that formed in the 1 M
KTFSI electrolyte at all the etching times, resulting in a F–K
dominated bonding property for the F element in the SEI layer.
These results suggest a more inorganic SEI layer with abundant
KF phase was formed in the concentrated 4 M KTFSI electrolyte,
well consistent with the previous report.27 The highly concen-
trated KTFSI electrolyte can weaken the solvent reduction and
lead to the reduction of KTFSI to mainly induce the formation
of a KF-rich SEI.

As demonstrated in Fig. 6e, during the formation of the SEI
layer, K+, TFSI� and solvent molecules should first reach the
electrode/electrolyte interface and then react irreversibly. It’s
much easier for the concentrated electrolyte to provide more
TFSI� ions with abundant F element to reach the interface and
then participate the SEI formation reaction in a faster kinetic
way than in the 1 M diluted electrolyte. Accompanied by the
condition of concentrated K+, a denser and thinner KF-rich SEI
layer was preferentially formed in the 4 M KTFSI electrolyte.
Such a robust KF-rich SEI layer can not only protect the active
materials from further reacting with the electrolyte, but also
accommodate the volume change of Sb@CSN, thus leading to
excellent K-storage performance for such a material. In addi-
tion, the highly concentrated KTFSI also reduced the solubility

of KF in the electrolyte, further stabilizing the KF-rich SEI for
excellent long-term cycling properties.

The highly concentrated electrolyte can also reduce the
flammability. The flammability of electrolytes was evaluated
by soaking a piece of glass fiber membrane in 0.5 mL electrolyte
and then immediately igniting it with a butane lighter, as illu-
strated in Fig. S9 (ESI†). The flame for the 4 M KTFSI electrolyte is
much smaller and darker than that of the dilute electrolyte and
the same concentrated 4 M KClO4 electrolyte. After the combus-
tion, the glass fiber in the 4 M KTFSI electrolyte is black due to the
fire retardation and incomplete combustion resulting from the
stable and highly concentrated KTFSI salt. By contrast, it is white
for the dilute electrolyte, indicating the complete combustion of
the electrolyte. For the 4 M KClO4 electrolyte, an obvious explosion
can be observed due to the strong oxidization property of KClO4.
Therefore, the highly concentrated 4 M KTSFI electrolyte is
suitable for highly secure batteries with less fire-severity and
lower fire-catching properties.

Conclusion

In summary, a Sb@CSN composite anode with evenly-distributed
and small Sb nanoparticles confined in a carbon sphere network
has been successfully prepared for K-ion battery anodes via a
unique electrospray-assisted strategy. The Sb@CSN anode in the
concentrated 4 M KTFSI electrolyte shows a high reversible
capacity of 551 mA h g�1 at 100 mA g�1 after 100 cycles with a
capacity decay of 0.06% per cycle from the 10th to 100th cycle and
504 mA h g�1 after 220 cycles even at a high current density of
200 mA g�1. It also shows excellent rate performance by providing
589 mA h g�1 at 50 mA g�1 and 530 mA h g�1 at 200 mA g�1. Such
a unique material in this concentrated electrolyte demonstrates
one of the best capacity performances among all K-ion battery
anode materials. These excellent K-storage performances

Fig. 6 (a and b) Atomic percentage concentrations of different elements with increasing etching time and (c and d) corresponding high-resolution F1s
XPS spectra for the Sb@CSN electrode in (a and c) 1 M KTFSI and (b and d) 4 M KTFSI electrolyte; (e) illustration of the influence of dilute and concentrated
electrolytes on the formation of the SEI layer.
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should be ascribed to the formation of a stable and robust
KF-rich SEI layer along with the novel nanostructure of Sb
nanoparticles uniformly encapsulated in the conductive carbon
network. These discoveries provide valuable guidance for
rationally developing advanced alloy-based electrode materials
for high-performance PIB applications.
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