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Anchoring ultrafine CoP and CoSb nanoparticles into rich N-doped carbon
nanofibers for efficient potassium storage

Jingyi Xu†, Chenling Lai†, LiPing Duan, Yuxuan Zhang, Yifan Xu, Jianchun Bao and Xiaosi Zhou*

ABSTRACT Transition-metal compounds have received ex-
tensive attention from researchers due to their high reversible
capacity and suitable voltage platform as potassium-ion bat-
tery anodes. However, these materials commonly feature a
poor conductivity and a large volume expansion, thus leading
to underdeveloped rate capability and cyclic stability. Herein,
we successfully encapsulated ultrafine CoP and CoSb nano-
particles into rich N-doped carbon nanofibers (NCFs) via
electrospinning, carbonization, and phosphorization (anti-
monidization). The N-doped carbon fiber prevents the ag-
gregation of nanoparticles, buffers the volume expansion of
CoP and CoSb during charging and discharging, and improves
the conductivity of the composite material. As a result, the
CoP/NCF anode exhibits excellent potassium-ion storage
performance, including an outstanding reversible capacity of
335 mA h g−1, a decent capacity retention of 79.3% after 1000
cycles at 1 A g−1 and a superior rate capability of 148 mA h g−1

at 5 A g−1, superior to most of the reported transition-metal-
based potassium-ion battery anode materials.

Keywords: CoP, CoSb, N-doped carbon nanofibers, anode, po-
tassium-ion batteries

INTRODUCTION
Owing to the high specific capacity and power density, lithium-
ion batteries (LIBs) have become one of the most important and
ubiquitous energy storage systems that are widely used in por-
table electronic devices [1,2]. However, lithium in the earth crust
is inadequate and unevenly distributed, making it difficult to
apply to large-scale energy storage systems such as electric
vehicles and smart grids [3–6]. The reserve of potassium in the
earth crust is more than a thousand times that of lithium, and
the volume of solvated potassium ions is relatively small [7].
Therefore, potassium-ion batteries (PIBs) are considered to be a
promising large-scale energy storage system [8,9]. In recent
years, researchers have carried out a series of studies on
potential PIB anode materials such as carbon materials [10],
transition metal compounds [11], organic compounds [12], and
alloy materials [13]. However, it is still an arduous challenge to
synthesize an anode material with high energy density and cyclic
stability.

Transition metal compounds usually have high reversible
capacities, suitable discharge voltages, and easily available raw

materials [14,15]. Nevertheless, when potassium ions are inter-
calated/deintercalated, transition metal compounds often gen-
erate a large volume expansion (>80% for CoP), which could
cause the collapse and powdering of the material structures.
There are three common strategies to diminish the impact of
volume expansion: designing hollow structures [16], reducing
particle size [17], and coating carbon materials [18,19]. But it is
worth mentioning that although the hollow structure could
provide extra buffering space for volume expansion, it would
substantially reduce the volume energy density [20]. The hollow
architecture of active materials would also be inevitably
damaged when they are ground with the binder and carbon
black. Therefore, the preparation of carbon-incorporated tran-
sition metal compounds with tiny nanoparticle size is the key to
the practical application of PIBs [21–23].

Herein, we report a universal synthesis method, which takes
well-dispersed ZIF-67 in polyacrylonitrile (PAN)/N,N-dime-
thylformamide (DMF) solution as the precursor, and uniformly
encapsulates ultrafine carbon-coated CoP and CoSb nano-
particles into rich N-doped carbon nanofibers (NCFs) through
electrospinning, carbonization, and subsequent phosphorization
(antimonidization). The confining effect between CFs and Co
particles can prevent nanoparticles from aggregation during the
pyrolysis process. The carbon coating layer in-situ forms and the
rich NCFs can provide a double buffer for the volume expan-
sion, improving the stability and conductivity of the composite
material. When used as an anode material for PIB, the reversible
capacities of CoP/NCF and CoSb/NCF are as high as 335 and
311mAh g−1, respectively. Even under a high current density of
5A g−1, CoP/NCF and CoSb/NCF can still maintain decent
capacities of 148 and 96mAh g−1, respectively. In addition, CoP/
NCF and CoSb/NCF also exhibit superior cyclic stability at
1A g−1, confirming their great potential for practical applica-
tions.

EXPERIMENTAL SECTION

Preparation of ZIF-67/DMF suspension
In the first step, 1.456 g of Co(NO3)2·6H2O (99%, Aladdin) was
dissolved in 50mL of DMF to form a uniform purple-red
solution (liquid A). Then, 3.28 g of 2-methylimidazole (99%,
Aladdin) was dissolved in 50mL of DMF to form another uni-
form and transparent solution (liquid B). Afterwards, the liquid
B was quickly poured into the liquid A and vigorously stirred for
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2 h. The as-formed suspension was centrifuged and washed with
ethanol and DMF for several times. A part of the wet sample (the
content of ZIF-67 was approximately 0.5 g) was taken and dis-
persed evenly in 10mL of DMF to prepare a ZIF-67/DMF sus-
pension. The remaining sample was dried at 70°C overnight in
an oven to obtain ZIF-67 purple powder.

Preparation of Co/NCF
For the synthesis of Co/NCF, 0.7 g of PAN was added to the ZIF-
67/DMF suspension and stirred at 60°C for 12 h to produce a
homogeneous purple dispersion. Then the dispersion was
injected into a 10-mL syringe and electrospun at a voltage of
15 kV. The flow rate was controlled to be 0.3mLh−1, and the
distance between the needle and the aluminum foil was kept at
12 cm. Finally, the electrospun film was carbonized at 625°C for
30min under a H2/Ar (5:95 in volume ratio) environment with a
heating rate of 1°Cmin−1 to obtain Co/NCF.

Preparation of CoP/NCF
With a mass ratio of 1:10, Co/NCF and NaH2PO2 (99%, Alad-
din) were placed on the two ends of a porcelain boat (NaH2PO2
at the upper wind), and heated at 600°C for 3 h in a H2/Ar (5:95
in volume ratio) atmosphere to get CoP/NCF. The ramping rate
was set to be 5°Cmin−1.

Preparation of CoSb/NCF
Co/NCF and Sb powders (99%, Aladdin) in a mass ratio of 1:1
were placed on both ends of a porcelain boat (Sb powder was
placed on the upper wind). Subsequently, the sample was heated
in a H2/Ar (5:95 in volume ratio) atmosphere at 650°C for 2 h
with the heating rate of 5°Cmin−1 to obtain CoSb/NCF.

Material characterization
The crystal structure of the samples was characterized on an X-
ray diffractometer (XRD, Rigaku SmartLab) with a Cu target.
The morphology of the samples was characterized using field
emission scanning electron microscopy (FESEM, JEOL JSM-
7600F) and transmission electron microscopy (TEM, Talos
F200X). To unveil the element composition of the product, X-
ray photoelectron spectroscopy (XPS) spectrum was collected on

an X-ray spectrometer (ESCALab250Xi) equipped with an Al
target. The Raman fingerprints were recorded on a Labram
HR800. Nitrogen sorption isotherms were measured on an
ASAP 2050 surface analyzer. The NETZSCH STA 449 F3 ther-
mogravimetric analyzer (TGA) was used to gauge the thermo-
gravimetric curve of the as-synthesized materials.

Electrochemical characterization
For the preparation of the working electrode, active materials,
Super-P carbon black, and polyvinylidene fluoride (PVDF)
binder were grinded at a mass ratio of 8:1:1, and evenly spread
on a Cu foil. Then the electrode was dried overnight in a vacuum
drying oven at 80°C. The mass of the active material was con-
trolled to be 0.8–1.2mg cm−1. The battery assembly process was
carried out in a glove box (MBRAUN) filled with Ar gas. The
water and oxygen contents were controlled below 0.1 ppm
during the whole process. Potassium sheet was used as the
counter electrode. Whatman glass fiber was adopted as the
separator, and the electrolyte was 1.5mol L−1 potassium bis
(fluorosulfonyl)imide (KFSI) in a solution of ethylene carbonate
(EC) and diethyl carbonate (DEC) (1:1 in volume). The galva-
nostatic charging and discharging performance was tested on a
Land CT2001A battery test system. Cyclic voltammetry (CV)
curves were measured by a PARSTAT 4000 electrochemical
workstation.

RESULTS AND DISCUSSION
Fig. 1 illustrates the synthetic route of CoP/NCF and CoSb/NCF.
During the synthesis, ZIF-67 was adopted as the precursor of Co.
Its structural information and exterior morphology are displayed
in Figs S1, S2. It can be detected that the average diameter of the
dried ZIF-67 nanoparticles (~50 nm, Fig. S2a) is larger than that
of the ZIF-67 nanoparticles dispersed in DMF (~20 nm,
Fig. S2b). This is the reason why the ZIF-67/DMF suspension
was selected for electrospinning rather than using dried ZIF-67
particles. Fig. S3 demonstrates the XRD pattern of Co/NCF,
implying the amorphous nature of the CF and well crystallinity
of Co. Applying the Scherrer equation to the (111) characteristic
peak of Co, the average Co size is calculated to be around 10 nm.
The SEM and TEM images (Fig. S4) further unravel the uniform

Figure 1 Schematic illustration for the preparation of CoP/NCF and CoSb/NCF.
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nanofiber morphology, high Co content and the ultrafine par-
ticle size. TGA results (Fig. S5) demonstrate that the Co content
in Co/NCF is about 29.2wt%. Further, CoP and CoSb content in
CoP/NCF and CoSb/NCF can be accordingly calculated to be
38.6 and 55.8 wt%, respectively. To further decrease the carbon
contents in CoP/NCF and CoSb/NCF, we increased the con-
centration of ZIF-67 in the electrospinning precursor dispersion;
however, augmenting the ZIF-67 amount resulted in the
aggregation of Co particles (Fig. S6), which was harmful to the
formation of ultrasmall CoP and CoSb nanoparticles.

Using NaH2PO2 as the phosphorization reagent, Co/NCF was
phosphorated at 600°C to produce CoP/NCF, whose morphol-
ogy is demonstrated in Fig. 2. The XRD pattern shown in Fig. 2a
verifies the successful fabrication of CoP [24]. Fig. 2b, c display
the one-dimensional architecture of CoP/NCF, which features a
uniform fiber diameter of around 280 nm and a rough exterior
surface. The TEM image in Fig. 2d demonstrates the ultrasmall
particle size (~13 nm) of the well-dispersed CoP. The nanosized
particles are favorable for shortening the K+ diffusion distance
and mitigating the impact of volume expansion, thereby con-
tributing to the rate capability and cyclic stability of potassium-
ion batteries [25]. Fig. 2e presents the high-resolution TEM
(HRTEM) image, where the amorphous carbon layer can be
detected. Nonetheless, the lattice of CoP is too faint to be clearly
observed. This is because of the low crystallinity of CoP, in good
agreement with the XRD result. Fig. 2f–j exhibit the energy

dispersive X-ray (EDX) elemental mapping results of C, N, Co,
and P in CoP/NCF, showing the even distribution of CoP in
NCF. Fig. S7 demonstrates the overlapped mapping image and
linear scanning results, which also imply the homogeneous
distribution of the existing elements and the high content of N.

To obtain CoSb/NCF, Co/NCF was annealed with antimony
powder at 650°C for 2 h. Fig. 3a shows the XRD pattern of CoSb/
NCF. The sharp peaks at about 31.6o, 44.2o, and 46.9o corre-
spond to the (101), (102), and (110) lattice planes, respectively,
suggesting the successful synthesis of CoSb. SEM and TEM
images uncover the detailed morphology of CoSb/NCF. As can
be seen in Fig. 3b, c, the diameter of CoSb/NCF is around
250 nm, substantially smaller than that of CoP/NCF. Fig. 3d
manifests a particle size (~15 nm) of CoSb. In spite of the rela-
tively low crystallinity, lattice fringe that represents the (101)
plane can be observed in the HRTEM image (Fig. 3e). The
inferior crystallinities of CoP/NCF and CoSb/NCF could be
ascribed to the ultrasmall particle sizes and the relatively low
active material contents. EDX mapping was also carried out to
qualitatively reveal the element composition and distribution in
CoSb/NCF. As shown in Fig. 3f–j, CoSb particles do not disperse
as evenly as CoP, while they still fill the major room of the CFs.
Furthermore, the overlapped mapping image and linear scan-
ning results further unveil the existence of C, N, Co, and Sb
elements and the rich N content (Fig. S8).

To quantitatively examine the element compositions of CoP/

Figure 2 (a) XRD pattern, (b, c) SEM images, (d) TEM image, (e) HRTEM image, and (f–j) elemental mappings of CoP/NCF.
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NCF and CoSb/NCF, XPS spectra were further studied. Figs S9,
S10 display the XPS full spectra of CoP/NCF and CoSb/NCF,
whose N atomic percentages are measured to be 18.5% and
15.7%, respectively. The rich N dopant could elevate the con-
centration of electrons and increase the conductivity of the
materials [26]. The high-resolution Co 2p spectra (Fig. 4a, d)
show that the Co 2p3/2 peak is at 781.4 eV with its accompanying
peak located at 786.3 eV, while the Co 2p1/2 peak locates at
797.1 eV, and its satellite peak is at 803.0 eV, which are close to
the literature values [27,28]. The positions and peak shapes of
the Co 2p peaks of CoP/NCF and CoSb/NCF are identical,
which proves that the Co elements in these two composites have
similar +3 valent state and electronic structures. In addition, the
C 1s spectra of CoP/NCF and CoSb/NCF (Fig. 4b, e) both reveal
the existence of C‒C/C=C, C‒O, and C‒N bonds, indicating that
the CFs possess plenty of defects and heteroatom dopants.
Interestingly, in the N 1s spectra (Fig. 4c, f), it can be probed that
the graphitic N occupies a large proportion of the N in CoP/
NCF, while the N in CoSb/NCF merely consists of pyridinic and
pyrrolic N. The state transference of N could be ascribed to the
fact that the antimonidization process causes a larger damage to
the carbon matrix, thus exposing more N atoms at the margin of
the amorphous carbon. Brunauer–Emmett–Teller measurement
was also conducted to study the porosity of samples. Fig. 4g, h
demonstrate that CoP/NCF and CoSb/NCF possess a large
surface area of 259 and 190m2 g−1, and are featured with
bountiful micropores and mesopores. The micropores are
inherited from the CFs, while the mesopores are attributed to
the disintegration of ZIF-67 and PAN. The considerable surface

area and hierarchical pore size distribution are beneficial to
electrolyte infiltration and high-rate performance [29]. Fig. 4i
exhibits the Raman spectra, from which the ID/IG ratios of CoP/
NCF and CoSb/NCF are computed to be 1.33 and 1.43,
respectively, indicating a larger disorder degree in the carbon
framework of CoSb/NCF. The small peak at 700 cm−1 is assigned
to the A1g vibration mode of Co3O4, indicating the partial surface
oxidation of the CoSb/NCF sample.

After the materials were assembled as the anodes of PIBs, the
potassium storage performances of CoP/NCF and CoSb/NCF
were evaluated. Fig. 5a shows the CV curves of CoP/NCF at a
sweep rate of 0.1mV s−1. During the first positive scan of CoP/
NCF, two obvious reduction peaks appear at 0.18 and 0.58V.
This is due to the initial insertion of potassium ions and the
decomposition of the electrolyte on the electrode surface to form
a solid electrolyte interface (SEI) phase [30]. In the next two
scans, the positive sweep peak at around 0.29V and the negative
sweep peak at ~2.0V emerge, representing the reversible inser-
tion/extraction reaction of potassium ions. The charging and
discharging curves of the first three cycles (Fig. 5b) are con-
sistent with the CV curves. Among them, the profiles of the last
two cycles are overlapped, indicating that the intercalation/
disintercalation behavior of potassium ions in CoP/NCF is
highly reversible. The reversible specific capacity of CoP/NCF is
measured to be 335mAh g−1. Fig. 5c shows the CV curves of
CoSb/NCF at a sweep speed of 0.1mV s−1. The reduction peaks
at 0.01 and 0.58V are related to the intercalation behavior of
potassium ions in carbon and CoSb and the formation of SEI
film [31]. Correspondingly, potassium ions are gradually

Figure 3 (a) XRD pattern, (b, c) SEM images, (d) TEM image, (e) HRTEM image, and (f–j) elemental mappings of CoSb/NCF.
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released at approximately 0.52 and 1.09V, like the previously
reported literature data. The galvanostatic charging and dis-
charging curves (Fig. 5d) demonstrate that the reversible capa-
city of CoSb/NCF at 0.1 A g−1 is about 311mAh g−1.

Fig. 5e manifests the rate capability of the samples. At current
densities of 0.1, 0.2, 0.5, 1, 2, and 5A g−1, the reversible capacities
of CoSb/NCF are 295, 242, 209, 170, 141 and 96mAh g−1,
respectively, showing good rate performance. Under the same
current densities of 0.1–2A g−1, CoP/NCF exhibits higher
reversible capacities of 327, 284, 249, 214, and 180mAh g−1.
Even at a high current rate of 5 A g−1, CoP/NCF can maintain a
superior capacity of 148mAh g−1, exceeding that of the CoSb/
NCF nanocomposite. The corresponding charging/discharging
profiles at diverse rates are illustrated in Fig. S11. The better rate
performance of CoP/NCF is derived from the higher theoretical
capacity, more uniform active nanoparticle distribution, and
richer N content.

CoP/NCF and CoSb/NCF also display extraordinary cyclic
stability. Specifically, when cycled at 0.1 A g−1, CoP/NCF and
CoSb/NCF can maintain superior capacities of 301 and
276mAh g−1 after 200 cycles (Fig. 5f). When a larger current of
1A g−1 is exerted, CoP/NCF and CoSb/NCF still display decent
capacity retentions of 79.3% and 79.9% after 1000 cycles,
respectively (Fig. S12). Note that the batteries were directly
tested at 1A g−1 without activation at low current densities, so
the initial capacities are inferior to the results presented in

Fig. 5e.
These excellent electrochemical properties exceed most of the

previously reported transition-metal compounds (Table S1)
[32,33]. To examine the structural stability of CoP/NCF and
CoSb/NCF, the morphologies of the cycled samples are mani-
fested in Figs S13, S14. Even after 1000 cycles at a high current
density of 1A g−1, the one-dimensional architectures of CoP/
NCF and CoSb/NCF remain intact, proving the outstanding
structural integrity. It is worth noting that the extraordinary
performance is mainly attributed to the double-layer carbon
coating that buffers the volume expansion of the material and
improves the electrical conductivity [34]. Additionally, the
ultrasmall particle size is conducive to increasing the contact
area between the electrolyte and the electrode, exposing more
active reaction sites, and increasing the actual capacity of the
battery.

To figure out the potassium storage mechanisms of CoP/NCF
and CoSb/NCF, CV curves were recorded at different scanning
rates from 0.1 to 10mV s−1 in Figs S15, S16. The ion transport
and reaction kinetics were evaluated according to the equation: i
= avb, where i represents the responding peak current, v refers to
the scan rate; a and b are the constants [35]. As shown in
Fig. S16b, the b values of the cathodic and anodic peaks for CoP/
NCF range from 0.66 to 0.96, reflecting a combined ion storage
mechanism. The capacitive and diffusion-governed capacities
were further calculated via the equation i(V) = k1v + k2v1/2,

Figure 4 High-resolution (a, d) Co 2p, (b, e) C 1s, and (c, f) N 1s XPS spectra of CoP/NCF and CoSb/NCF. Nitrogen sorption isotherms and pore-size
distributions of (g) CoP/NCF and (h) CoSb/NCF. (i) Raman spectra of CoP/NCF and CoSb/NCF.

SCIENCE CHINA Materials ARTICLES

January 2022 | Vol. 65 No.1 47© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021



where k1v stands for the capacitive-controlled portion [36]. As
the scan rate increases, the capacitive contribution gradually
enlarges from 18.8% (0.4mV s−1) to 61.9% (10mV s−1), sug-
gesting a diffusion-dominated process at slow scan rates. Com-
pared with CoP/NCF, the capacitive contributions of CoSb/NCF
at diverse scan rates are relatively larger (Fig. S16).

CONCLUSIONS
In summary, we report a universal multi-step synthesis strategy
that incorporates ultrafine CoP (CoSb) nanoparticles with a
diameter of less than 15 nm into rich NCFs to achieve CoP/NCF
and CoSb/NCF nanocomposites with high active-substance
contents. Due to the synergistic effect of nanoparticles and the
conductive carbon supporting nanofibers, CoP/NCF and CoSb/
NCF exhibit excellent potassium storage properties, including
high reversible capacities, excellent rate performance, and cyclic
stability. Specifically, CoP/NCF delivers a high reversible capa-
city of 335mAh g−1 at 0.1 A g−1 and an excellent rate capability of
148mAh g−1 at 5A g−1, and CoSb/NCF exhibits a large capacity
retention of 79.9% after 1000 cycles at 1A g−1. The strategy

reported in this work may be able to be extended to other
transition-metal compound/carbon composites, providing novel
ideas and approaches for the synthesis of the anodes for PIB with
high performance.
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锚定于富氮掺杂碳纳米纤维中的超细CoP和CoSb纳
米颗粒用于高效钾离子存储
徐静宜†, 赖晨玲†, 段丽平, 张郁萱, 徐一帆, 包建春, 周小四*

摘要 作为钾离子电池负极, 过渡金属化合物由于其高可逆容量和合适
的电压平台而受到研究人员的广泛关注. 然而, 这些材料通常具有较差
的导电性和超过80%的体积膨胀. 这些缺点往往会对电池的倍率性能和
循环稳定性产生不利影响. 在本文中, 我们通过静电纺丝、碳化和磷化
(锑化)成功地将超细CoP和CoSb纳米颗粒封装到富氮掺杂的碳纳米纤
维中. 氮掺杂的碳纳米纤维有效防止了纳米颗粒聚集, 缓冲了充放电过
程中CoP和CoSb的体积膨胀, 并提高了材料的导电性. 因此, CoP/氮掺杂
的碳纳米纤维(CoP/NCF)负极表现出优异的钾离子存储性能 , 包括
335 mA h g−1的可逆容量、长循环性能(在1 A g−1下经1000次循环仍能保
持79.3%的初始可逆容量), 以及在 5 A g−1下148 mA h g−1的优异倍率性
能, 超过了大多数已报道的过渡金属化合物基钾离子电池负极材料.
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