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a b s t r a c t

Antimony-based materials are considered as promising anodes for potassium ion batteries due to their

high theoretical capacity and low electrode potential. However, the aggregation and bulk expansion of

Sb particles in cycling will cause capacity attenuation and poor rate performance. In this paper, Sb

nanoplates were designed to be embedded in flexible porous N-dopped carbon nanofibers (Sb@PCNFs)

by a simple electrospinning deposition (ESD) method. In this structural design, Sb nanoplates of high

capacity were employed as active materials, N-dopped carbon nanofibers were used to improve conduc-

tivity and structural stability. The introduction of pore-forming agent enables the nanofibers to possess

porous structure, thus buffering the huge volume change and promoting the transfer of electrolyte/ions.

More importantly, the freestanding film can be directly used as a working electrode, reducing the re-

dundancy in the battery and the cost. Benefitting from the favorable structure, the freestanding flexible

Sb@PCNFs electrode shows excellent potassium storage performance with a capacity of 314 mAh/g af-

ter 2000 cycles at 500 mA/g. This strategy of employing active material with high capacity in porous

and conductive flexible nanofibers represents an effective method of achieving binder-free electrode with

good electrochemical performance towards wearable energy storage devices.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The ever-growing demand for wearable electronic devices has

motivated related research to free-standing and flexible film elec-

trode with high capability and good wearability [1,2]. Among them,

the development of lithium-ion batteries (LIBs) is restricted due

to the limited and uneven distribution of the earth’s lithium re-

sources and the high cost [3,4]. Therefore, the development of al-

ternative energy storage systems with rich resource and environ-

mental friendliness has becoming urgent [5–7]. Potassium ion bat-

teries (PIBs) have attracted much attention due to abundant raw

resources of K and low redox potential [8–10]. However, large ra-

dius of K+ (1.38 Å) will cause slow diffusion kinetics and large vol-

ume expansion during charging and discharging, leading to poor

rate capability and cycle stability [11,12]. Therefore, to obtain high-

performance PIBs, it is essential to develop suitable electrode ma-

terials with stable structures [13,14].

Up to now, high-capacity anode materials with alloying reac-

tions have attracted more and more attentions [15]. Alloy-based
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materials, such as Sn [16] and Sb [17] have been extensively stud-

ied in LIBs and sodium-ion batteries (SIBs) due to their high ca-

pacities. Among the alloying elements, Sb can store three potas-

sium ions to form K3Sb [18], and has the characteristics of low

electrode potential [19], low cost [20], and high theoretical capac-

ity (660 mAh/g) [21], thus becoming a promising candidate as an-

ode for PIBs. However, the huge volume expansion (300%) dur-

ing cycling can cause the active material to be crushed, result-

ing in capacity decay [22]. One of the useful methods to solve

the problem is to introduce active/inactive materials to buffer

the volume change during the cycling [23]. In addition, highly

porous structure can provide large contact area for active materi-

als and electrolyte, and huge space for accommodating the volume

change during charging/discharging [24,25]. Moreover, N-doping

can also provide electroactive sites for K+, enhancing K+ adsorp-

tion and improving capacity and reaction kinetics [26,27]. Fur-

thermore, one dimensional structure can effectively improve the

conductivity and structural stability [28]. Therefore, the freestand-

ing film with Sb nanoplates embedded in porous N-dopped car-

bon nanofibers might demonstrate synergistic properties, showing
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Fig. 1. (a) Schematic diagram of the preparation process of Sb@PCNFs. (b-d) Digital

photos of Sb@PCNFs at different states.

high reversible capacity and long cycling stability with enhanced

ion/electronic transfer kinetics.

Herein, we report a simple and fast way to synthesize

Sb nanoplates embedded in flexible porous N-dopped carbon

nanofibers (Sb@PCNFs) by using ESD method and carbonization.

In this structure, porous N-dopped carbon nanofibers were de-

signed to improve electronic/ionic conductivity and structural sta-

bility, and accommodate the volume expansion during cycling. The

freestanding film was directly applied as an anode of PIBs, avoid-

ing the redundant quality of conductive agent and binder [29].

When evaluated as anode for PIBs, the Sb@PCNFs freestanding film

shows good electrochemical performance with a reversible capac-

ity of 314 mAh/g after 2000 cycles at 500 mA/g. The high perfor-

mance is better than those of most reported anode materials for

PIBs.

Fig. 1a shows the preparation process of Sb@PCNFs, in which

P123, SbCl3 and polyacrylonitrile (PAN) were selected as precur-

sors. Figs. 1b–d show the digital photos of Sb@PCNFs. As can be

seen from Fig. 1b, the carbonization product of Sb@PCNFs is a

black film with good flexibility. Whether bent or twisted (Figs.

1c and d), the film can remain intact and flexible. The morphol-

ogy and structure of the nanofibers were characterized by SEM

and TEM. Without the precursor of SbCl3, PAN derived carbon

nanofibers (CNFs) showed a tangled morphology similar to a braid

(Figs. S1a and b in Supporting information). After adding suitable

SbCl3 in process and removing P123 during the heat treatment,

the interconnecting fibers of Sb@PCNFs with several microns in

length can be found (Figs. 2a and b). Also, porous structure can

be clearly found in the nanofibers (Fig. 2b). Fig. S2 (Supporting in-

formation) shows that the decomposition temperature of P123 is

lower than the carbonization temperature in the experiment. With

the increase of Sb precursor, more Sb plates can be found in the

fibers of Sb-H@PCNFs when compared with Sb@PCNFs, as shown

in Figs. S1c and d (Supporting information). And it can be seen

from the figures that the diameter of Sb-H@PCNFs is a bit larger

and the curvature of the fiber is reduced.

As shown in Fig. 2c, porous structure of Sb@PCNFs can be

clearly observed, which is consistent with the SEM image (Fig.

2b). As shown in Figs. 2d–f, Sb can be found uniformly distributed

in the carbon nanofiber in the form of flakes. At the same time,

many pores with diameter of several nanometers can be observed

in the fibers (Fig. 2g). High magnification TEM image (Fig. 2h) re-

vealed that Sb nanoplates were covered by amorphous carbon with

the thickness of about 7 nm. For Sb-H@PCNFs, large plates can be

clearly observed in the fibers (Figs. S3a–c in Supporting informa-

tion). Without using SbCl3, CNFs can be found to be porous struc-

ture (Figs. S3d–f in Supporting information).

To provide insight into the crystalline structure of the obtained

nanofiber membranes, X-ray diffraction (XRD) was used to char-

acterize the samples. As shown in Fig. 3a, all peaks of Sb@PCNFs

can be indexed to the diffraction peaks of hexagonal Sb (JCPDS

card No. 35–0732). Four intensive peaks at around 28.69°, 40.08°,
41.95° and 51.59° can be well indexed to the (012), (104), (110)

and (202) planes of hexagonal Sb phase. The XRD results of CNFs

and Sb-H@PCNFs are shown in Figs. S4a and b (Supporting infor-

mation). The XRD result of Sb-H@PCNFs is consistent with that

of hexagonal Sb (JCPDS card No. 35-0732). The Raman spectrum

is utilized to further evaluate the nature of Sb@PCNFs nanofiber.

The intensity ratio of D and G bands (ID/IG) can indirectly reflect

the order degree of carbon [30]. D band corresponds to the struc-

tural defects and G band relates to sp2-hybridized graphitic carbon

[23]. As shown in Fig. 3b, the Raman spectrum displays typical D

band (∼1355 cm–1) and G band (∼1588 cm–1) with high ID/IG ratio

(1.35), suggesting the multiple defects in the nanofibers.

In order to determine the carbon content of these nanofibers,

thermogravimetric analysis (TGA) was further performed. As dis-

played in Fig. 3c, a dramatic weight loss was observed after

450 °C, which could be attributed to the weight loss of carbon

combustion. Sb nanoplates underwent an increase in weight due

to the oxidation [31]. XRD result demonstrates that the thermo-

gravimetric product in the air atmosphere was Sb2O4 (JCPDS

No. 78-2066) (Fig. S5a in Supporting information). Therefore, the

Sb contents in Sb@PCNFs and Sb-H@PCNFs (Fig. S5b in Supporting

information) are calculated to be 21.6% and 35.94%, respectively.

CNFs burn off between 500 °C and 700 °C (Fig. S5c in Supporting

information).

In order to further study the surface chemical compositions and

element valences, X-ray photoelectron spectroscopy (XPS) analysis

of Sb@PCNFs was performed (Fig. 3d), As seen in Fig. 3e, the C

1s spectra mainly present three peaks, which could be assigned to

C–C/C=C (284.8 eV), C–N/C–O (286.1 eV), and O–C=O (289.1 eV)

bonds, respectively [23,32]. The N 1s spectrum in Fig. 3f shows

three peaks centered at 398.4, 400.0, and 401.0 eV, which can be

ascribed to pyridinic N, pyrrolic N, and graphitic N, respectively

[33–36]. Fig. 3g demonstrates that the peaks of Sb 3d and O 1s.

The binding energies of Sb at 539.9 and 537.7 eV can be corre-

sponding to Sb 3d3/2, and the peaks located at 530.6 and 528.3 eV

can be corresponding to Sb 3d5/2 [32,37,38]. For O 1s, the region

at 531∼533 eV can be deconvoluted into O–C–H, O–Sb, and O–O

peaks, originating from the absorbed oxygen and surface oxidation

of the samples [38,39].

To further determine the porous structure of the Sb@PCNFs

nanofibers, N2 adsorption/desorption isotherm was measured (Fig.

3h). The nanofibers possess a high Brinauer-Emmett-Teller (BET)

specific surface area of 309.25 m2/g. As can be seen from Fig. 3h,

the nitrogen adsorption/desorption curves can be classified as the

type IV isotherm with an obvious hysteresis loop at high relative

pressure, indicating the existence of mesoporous structure [40–42].

Fig. 3i displays the pore size distribution under DFT method, which

shows that the main pore size is 5.012 nm.

The cyclic voltammetry (CV) profiles of the first three cycles at

a scan rate of 0.1 mV/s between 0.01 V and 3.0 V (vs. K+/K) were

shown in Fig. 4a. In the first cathodic scan, there was a broad peak

at 0.80∼0.47 V, which was owing to the alloying reaction of Sb

with K+ (Sb-KSb-K3Sb) [30]. Several peaks in the voltage range of

about 0.2∼0.5 V can be observed in the first cycle, then gradually

weaken in the subsequent cycles until disappeared in the third cy-

cle, which may be caused by some irreversible reactions [43]. The

cathodic peak at 0.05 V could be attributed to the intercalation of

K ions into the porous structure [43]. Simultaneously, the anodic

peaks were attributed to the dealloying reaction and the deinter-

2



Q. Chen, H. Li, H. Li et al. Chinese Chemical Letters 34 (2023) 107402

Fig. 2. Morphological characterization of Sb@PCNFs. (a, b) SEM images, (c-g) TEM and (h) HRTEM images.

Fig. 3. Structural characterization of the Sb@PCNFs electrode: (a) XRD pattern, (b) Raman, (c) TG, and (d) XPS. (e–g) High-resolution XPS spectra of C 1s, N 1s and Sb 3d,

respectively. (h) The N2 adsorption/desorption isotherm and (i) the corresponding pore size distribution.

calation of K ions [44]. In the subsequent cycles, there were two

cathodic peaks at 0.6 V and 0.05 V, and all anodic peaks nearly

overlapped [32]. The above results revealed good cycling reversibil-

ity of Sb@PCNFs as the anode for PIBs.

The charge-discharge curves of Sb@PCNFs electrode under the

current density of 100 mAh/g was presented in Fig. 4b. The first

discharge capacity was 719.26 mAh/g, whereas the first charge spe-

cific capacity was 489.98 mAh/g. The low initial Coulombic effi-

ciency (ICE, 68.12%) might be caused by the decomposition of the

electrolyte and the formation of the SEI layer on the surface of

Sb@PCNFs electrode [45–48]. After 10 cycles, the CE was stable

above 99%. The electrochemical cycling stability of the Sb@PCNFs

electrode at the current density of 100 mA/g was displayed in

Fig. 4c. The electrode can hold a specific capacity of 390 mAh/g

even after 500 cycles. As shown in Fig. 4c, Sb-H@PCNFs and CNFs

showed specific capacities of 290 and 245mAh/g at 100mA/g after

100 cycles, respectively.

Rate capability is significant to evaluate the electrode for PIBs.

As shown in Fig. 4d, the rate capabilities of Sb@PCNFs, Sb-

H@PCNFs, and CNFs were tested under the current densities of 100,

200, 500, 1000, 2000 and 5000 mA/g. Clearly, Sb@PCNFs anode

shows highest specific capacity among the three electrodes. When

the current density returned to 100 mA/g, the discharge capac-

ity of Sb@PCNFs could be restored to 370 mAh/g, suggesting that

Sb@PCNFs electrode has good rate performance and reversibility.

Fig. 4e shows the charge-discharge profiles of rate performance,

which demonstrate similar plateaus at different current densities,

suggesting excellent reversibility of the anode.

The comparison of electrochemical performance between

Sb@PCNFs nanofibers and the state-of-the-art anodes reported

for PIBs with at least 500 cycles is illustrated in Fig. 4f and

Table S1 (Supporting information) [29,49–55]. It can be found

that Sb@PCNFs show comparative electrochemical performance.

Furthermore, the long cycling tests of the three electrodes at
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Fig. 4. Electrochemical performance characterization. (a) CV curves of the

Sb@PCNFs electrode at a scanning rate of 0.1 mV/s from 0.01 V to 3.0 V. (b) Charge-

discharge voltage profiles of the different cycles for the Sb@PCNFs electrode at a

current density of 100 mA/g. (c) Comparative cycling performance at 100 mA/g

and (d) rate capabilities of the as-prepared Sb@PCNFs, Sb-H@PCNFs, and CNFs elec-

trodes. (e) Charge-discharge voltage profiles at different current densities of the

Sb@PCNFs electrode. (f) Comparison of the rate capability of Sb@PCNFs and the

representative KIBs anodes reported in the literature. (g) Cycling performance of

Sb@PCNFs, Sb-H@PCNFs and CNFs electrodes at 500 mA/g.

500 mA/g are evaluated. As demonstrated in Fig. 4g, Sb@PCNFs

show outstanding cycling stability without appreciable fluctua-

tion over the whole period, particularly, a specific capacity of

314 mAh/g was still retained after 2000 cycles. For comparison,

Sb-H@PCNFs and CNFs exhibit declining specific capacities with

203 and 170 mAh/g, respectively. These above results show that a

small amount of Sb cannot only maintain the structural integrity of

electrode materials, but also demonstrate excellent cycling stability

and comparative reversible capability.

Fig. S6 (Supporting information) shows the ex-situ XRD patterns

of electrode materials under different charge and discharge states.

The peak at 28.8° is a characteristic peak of Sb in the fresh elec-

trode. Along with discharging process, the intensity of the peak

at 28.8° gradually decreased and almost disappeared. At the same

time, the new peaks of KSb (20.1°) and K3Sb (34.2°) appeared dur-

ing discharging process, indicating that Sb is gradually undergo-

ing an alloying reaction (Sb→KSb→K3Sb). During the subsequent

charging process, the alloy phases of KSb and K3Sb gradually dis-

appeared, accompanied by the formation of amorphous structures

[31]. In addition, the morphology characterization after cycling in

Fig. S7 (Supporting information) shows that the microstructure of

the electrode does not change significantly after 1000 cycles at a

current density of 100 mA/g, which indicates that the electrode has

good cycling stability.

Fig. 5. Kinetics analysis. (a) CV curves at different scan rates and (b) rela-

tionship between log(i) vs. log(v) for the Sb@PCNFs anode. (c) Capacitive and

diffusion-controlled process contributions at 0.4 mV/s and (d) normalized ratio of

capacitive-controlled contribution at various scan rates for the Sb@PCNFs anode. (e)

Impedance results of the coin cells with Sb@PCNFs, Sb-H@PCNFs, and CNFs in the

frequency ranging from 105 Hz to 10–2 Hz. (f) GITT curves of the Sb@PCNFs and

CNFs electrodes.

Fig. 5a displays the CV curves at different sweep rates from

0.1 mV/s to 2.0 mV/s. The CV curves showed similar shapes and

evident cathodic-anodic peaks. Fig. 5b shows the relationship of

log(i) versus log(v) obtained by calculating the relevant CV data.

Based on this relationship, capacitive behavior can be derived ac-

cording to Eqs. 1 and 2 [41,56]:

i = avb (1)

log i = log a + b log v (2)

where a and b are adjustable parameters, i is peak current and

v represents sweep rate. When b value is equal to 1, the charge

storage is completely controlled by the surface limited capacitance

process, and the value of b is close to 0.5, corresponding to the

diffusion control process [57,58]. The calculated b-values of the

Sb@PCNFs electrode for the marked peaks a and b in Fig. 5b are

0.63 and 0.68, respectively.

In addition, the ratio of capacitance-controlled contribution can

also be further calculated by defining the k and v via the following

Eqs. 3 and 4 [53]:

i = k1v + k2v1/2 (3)

i(v)/v1/2 = k1v1/2 + k2 (4)

where k1 and k2 are the constants. As shown in Figs. 5c and d,

as the sweep rate changes from 0.1 mV/s to 2.0 mV/s, the con-

tribution of the capacitive-controlled (blue region) apparently in-

creases from 46% to 93%, which occupies a large fraction of the

total K-storage in comparison with the diffusion mechanism, es-

pecially at larger sweep rate (Fig. 5d). Such remarkable feature is

4



Q. Chen, H. Li, H. Li et al. Chinese Chemical Letters 34 (2023) 107402

highly beneficial to the fast K-storage kinetics, therefore resulting

in the prominent rate capability [29,31].

To further analyze the electrochemical kinetics, electrochem-

ical impedance spectroscopy (EIS) and galvanostatic intermittent

titration technique (GITT) were tested. The Nyquist diagram of the

Sb@PCNFs electrode was shown in Fig. 5e. The inset in Fig. 5e is

the simulated equivalent circuit model, in which Rs is the resis-

tance in electrolyte solution, Rct represents the charge transfer re-

sistance, Wo corresponds to the Warburg diffusion resistance, and

CPE is the constant phase element related to the electrical double-

layer interface resistance [23,56]. The Nyquist plots are composed

of two parts, one of which is a semicircle at high frequencies, cor-

responding to the charge transfer [59]. The other is an oblique

line at low frequencies, which related to the ion diffusion resis-

tance [60]. It can be seen from Fig. 5e that Sb@PCNFs electrode

has relatively smaller charge transfer resistance than CNFs and Sb-

H@PCNFs, as can be seen in Table S2 (Supporting information)

[47,61]. Subsequently, GITT after 10 cycles activation were mea-

sured to analyze the electrochemical kinetics of Sb@PCNFs and

CNFs, as indicated in Fig. 5f. The D
K

+ was calculated via the fol-

lowing equation [57,62,63].

DK+ =
(
4L2

πτ

)
×

(
�Es

�Eτ

)2

(6)

where L is the K-ions transfer distance, τ indicates the relaxation

time, �Es is the charge of the equilibrium potential, �Eτ repre-

sents the charge of the voltage. Fig. S8 (Supporting information)

shows D
K

+ of Sb@PCNFs (10–7∼10–8) in the potassiation and de-

potassiation process, which is relatively higher than that of CNFs

(10–7.5∼10–8.5).

In addition, the full cell performance was tested using PTCDA

and Sb@PCNFs as cathode and anode (Fig. S9 in Supporting infor-

mation), respectively. The rate capability is very important for full

cell. As shown in Fig. S9c, the capacity decreases as the current

density increases. When the current density returned to 100 mA/g,

the capacity can also maintain about 105 mAh/g. In addition, the

full cell shows a reversible capacity of about 93 mAh/g after 37

cycles at a current density of 100 mA/g (Fig. S9e).

In summary, Sb nanoplates embedded in porous N-dopped car-

bon nanofibers (Sb@PCNFs) were synthesized by using a sim-

ple ESD method. Sb@PCNFs freestanding film formed with 1D

nanofibers demonstrates highly flexible and porous structure, thus

providing space for accommodating the volume change during

charging/discharging and enhanced ion/electronic transfer kinet-

ics. When evaluated as an anode without using conductive agent

and binder for PIBs, Sb@PCNFs demonstrate a specific capacity of

390 mAh/g at the current density of 100 mA/g. It still maintains

310 mAh/g after 2000 cycles at a high current density of 500 mA/g.

This work provides an effective strategy for the design of high-

performance Sb-based freestanding electrodes with high reversible

capacity and long cycling stability for energy storage devices.
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