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a b s t r a c t

Considerable efforts have been devoted to developing sodium-ion batteries for large-scale energy storage
due to the high abundance and low cost of sodium resources. However, the inferior cyclability and re-
action kinetics of electrodes toward sodium ions still impedes their further development. In this study,
we designed a two-dimensional (2D) composite where ultrafine CoSe nano-crystallites were confined in
N-doped carbon (CoSe/NC-L) to attain excellent cycling performance and fast sodium ion storage. The
CoSe/NC-L was successfully prepared through a high-temperature reaction of leaf-like Co-based ZIF (ZIF-
L) and Se powder. It is demonstrated that the particle size of Se powder plays an important role in the
formation of ultrafine CoSe nano-crystallites and encapsulated configuration. The combined merits of
ultrafine CoSe and encapsulation into 2D NC matrix effectively enhance reaction kinetics, accommodate
volume change expansion of CoSe and inhibit the formation of unstable SEI. Therefore, the CoSe/NC-L
composite displayed high initial specific capacity of 530mAh g�1 and Coulombic efficiency of 67.2% at
0.2 A g�1. Notably, superior capacity retention of 82.2% with stable Coulombic efficiency of 97.0% is
achieved at 0.5 A g�1 after 150 cycles in NaClO4 electrolyte system. This work casts a new light on the
smart design of metal selenide electrode materials for sodium ions batteries.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs), as one of the most popular energy-
storage power sources nowadays, have been widely used in
portable electronic devices and electric vehicles [1,2]. However, the
limited resources and high price of lithium hinder the further
development of LIBs for large-scale energy storage [3]. In this
context, sodium ion batteries (SIBs) have attracted worldwide
attention due to the similar electrochemical property of sodium
and lithium but high abundance and low cost of sodium resources.
However, the ionic radius of Naþ (~1.06 Å) is 40% larger than that of
Liþ (~0.76 Å), which leads to poor diffusion kinetics in the anode
materials [4]. Thus, the design and synthesis of anode materials

with suitable morphology and proper pore structure for sodium ion
batteries is highly necessary.

So far, various materials such as carbon materials [5,6], alloy
materials [7,8], sulfides and selenides [9e13] have been synthe-
sized and studied as anodes in terms of SIBs application. Among
them, metal selenides exhibited higher volume capacity and rate
performance than their oxides or sulfides counterparts due to the
high volume density and low band gap [14,15]. Moreover, recent
study has illuminated a distinctive phenomenon that the diffusion
kinetics of sodium ion in Se nanowires was 4e5 times faster than
that of lithium ion [16]. Theoretically, metal selenides possess
extremely potential as high-performance anode materials for so-
dium ion batteries. However, large volume changes repeatedly
proceed in metal selenides anodes during cycling, which arouses
severe pulverization and unstable solid-state interphase (SEI),
hence resulting in poor cycling stability and low coulombic effi-
ciencies. Therefore, in order to realize the wide application of metal
selenides in SIBs, the above-mentioned problems must be solved
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properly.
It was proposed that incorporating metal selenide with carbo-

naceous material could enhance the electronic conductivity,
accommodate the volume change expansion and inhibit the for-
mation of unstable SEI, thus maintaining the cycling stability
[17e19]. In this respect, zeolitic imidazole frameworks (ZIFs)
should be good candidates as precursor/template to design and
fabricate the cobalt selenide/carbon hybrids anodes for SIBs
[20e23]. ZIFs were easily converted into N-doped carbon materials
via direct carbonization, endowing them with higher electronic
conductivity and more active sites than pure carbon [24]. On the
other hand, reducing the size of active materials was supposed to
provide porosity/space to accommodate mechanical stress, shorten
the sodium ion diffusion path and reduce the electrode polariza-
tion. At present, most studies on morphological regulation of metal
selenide focused on the types of selenization and the application of
surface additives [11,26,21,25]. However, the influences of selenium
source size and selenization kinetics on the structure and compo-
sition of ZIF-derived cobalt-selenide/carbon composite are still
unknown.

Recently, two-dimensional (2D) materials have stimulated great
interests due to their unique and compelling properties absent in
their counterparts [27,28]. Typically, 2D materials possess
numerous active sites and short paths for ions diffusion, which are
potential advantages for energy storage [29,30], especial for alkali
ions storage. Nevertheless, the design of cobalt selenide/carbon
materials derived from 2D ZIFs have been rarely reported for so-
dium ion storage. In this work, we designed a 2D composite where
ultrafine CoSe nano-crystallites were confined in N-doped carbon
(CN) for sodium ion storage. It was synthesized by the selenization
treatment of a leaf-like Co-based ZIF (ZIF-L) using Se powder. The
influence of selenization kinetics on the final composition and
structure of cobalt selenide in NCmatrix were firstly studied, which
is an important direction for sodium ion storage performance.
Finally, the optimized 2D CoSe/NC-L composite exhibited excellent
sodium storage capacity of 397mAh g�1 after 150 cycles at
0.5 A g�1. Even at 5 A g�1, the capacity of the 2D CoSe/NC-L com-
posite was still as high as 330mAh g�1.

2. Experimental section

2.1. Material synthesis

Preparation of ZIF-L: In a typical synthesis, 0.59 g of Co(NO3)2﹒
6H2O was dissolved in 40ml of deionized water, forming solution A
after stirring for 10min. Similarly, solution B was formed by dis-
solving 1.3 g of 2-methylimidazole into 40ml of deionized water.
Then, the solution A was slowly poured into solution B under
continuous stirring, and aged for 4 h at room temperature. Lastly,
the violet product was collected by centrifugation and washed with
water for 3e5 times, and freeze-dried overnight.

Preparation of nano-sized Se: In a typical procedure, 52mg
Na2SeO2 and 200mg glucose were dissolved into 30ml deionized
water. After stirring for 20min, the mixture solution was trans-
ferred into a 35ml Telfon-lined stainless steel autoclave and placed
in an electric oven at 95 �C for 12 h. The gray precipitate was
collected by centrifugation and washing with water several times,
followed by vacuum drying at 60 �C for overnight.

Preparation of CoSe/NC-L: The as-prepared ZIF-L and nano-sized
Se were mixed with a mass ratio of 1:1, and the mixture was placed
into a tube furnace with a ceramic boat. The mixture powder was
treated at 650 �C for 3 h in N2 atmosphere with a heating rate of
1 �C min�1 to obtain CoSe/NC-L composite.

Preparation of CoSex/NC-L: The as-prepared ZIF-L and commer-
cial micro-sized Se were mixed with a mass ratio of 1:1, and the

following procedures is the same as above.
For comparison, ZIF-67 polyhedral was prepared in 52ml of

methanol and the corresponding CoSex/CN polyhedral was ob-
tained by using micro-sized Se. Other synthesis conditions were
identical with the preparation of CoSex/NC-L.

2.2. Characterization

Scanning electron microscopy (SEM) (Zeiss Sigma 500) was
employed to characterize the size, distribution and morphology of
the as-prepared samples. TEM and HRTEM measurements were
conducted on FEI Talos 200s microscope equipped with a high-
precision EDX spectroscopy detector. The chemical composition
analysis were performed by XRD (MiniFlex 600, Cu-Ka radiation)
and XPS (ESCALAB 250Xi, ThermoFisher, UK, Al Ka radiation). TG
analysis was performed on a NETZSCH TG203F instrument under a
heating rate of 5 �C min�1 in air atmosphere. FTIR spectra were
obtained by Nicolet 380. The porosity of as-prepared samples was
measured by nitrogen adsorption-desorption isotherms on Quan-
tachrome at 77 k. Raman spectra were collected using a LabRAM
system with 532 nm laser excitation.

2.3. Electrochemical measurements

The working electrodes were prepared by coating slurry onto a
copper foil. The slurry is a mixture of 70wt% of active materials
(CoSe/NC-L, CoSex/CN-L, or CoSex/CN-Polyhedral), 20wt% of
conductive agent (Super-P), and 10wt% of binder (1% sodium
alginate solution) in water. Then the samples were dried at 100 �C
in vacuum for 12 h before pressing. In an Ar-filled glovebox
(MBRAUN, Germany), the as-prepared electrodes, counter elec-
trode (Na metal slice), and a separator (fiberglass, Whatman) were
assembled into a standard CR2032-type coin cell. The electrolyte
was 1.0M NaClO4 dissolved in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (v/v¼ 1:1) with 5.0% fluoroethylene
carbonate (FEC). The cells were aged overnight prior to the elec-
trochemical measurements. The battery cycling and rate tests were
conducted in the voltage window of 0.1e3.0 V on a multichannel
battery tester (Land Instruments, China). Cyclic voltammetry (CV)
profiles were recorded on an electrochemical workstation (PAR-
STAT™ MC, AMETEK, USA). Electrochemical impedance spectra
(EIS) were investigated by employing an AC voltage of 10mV
amplitude over the frequency range from 100 kHz to 0.1 Hz. The
specific capacities were calculated based on the total active mate-
rials. The mass loading of active electrode material was
~0.9mg cm�2.

3. Results and discussion

The fabrication procedures of CoSe/NC-L composites and CoSex/
NC-L hybrids are described in Scheme 1. Firstly, leaf-like Co-con-
taining zeolite frameworks, ZIF-L, were synthesized by a facile so-
lution approach in air at room temperature. The ZIF-L sample was
composed of two-dimensional leaves with thickness of tens of
nanometers and plane size ranging from 0.5 to 2 mm (Fig. 1a). Then,
the as-prepared ZIF-L served as the precursor to react with Se
powder at 650 �C under nitrogen protection. During the seleniza-
tion process, the Co2þ in ZIF-L suffered from in-situ reactionwith Se
source to form selenide cobalt and organic ligands were carbonized
into nitrogen-doped carbon matrix (NC), maintaining the original
two-dimensional leaf-like architecture. In order to investigate the
effect of selenization kinetics on the structure and composition of
selenide cobalt/NC products, nano-sized Se was synthesized by a
simple solution method (Fig. S1). The as-prepared nano-sized Se
and commercial micro-sized Se were used as Se sources for the
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Scheme 1. Illustration of the fabrication process of the CoSe/NC-L composite and CoSex/NC-L hybrids.

Fig. 1. Composition and morphology characterization. a) SEM images of ZIF-L precursor. b) SEM images of CoSe/NC-L. c) SEM images of CoSex/NC-L d) XRD patterns of ZIF-L, CoSe/
NC-L, CoSex/NC-L and standard patterns of JCPDS Cards. Insets: high-magnification images of the corresponding surface.

X. Li et al. / Electrochimica Acta 294 (2019) 173e182 175



selenization process, respectively.
The scanning electron microscope (SEM) images in Fig. 1b pre-

sents the reaction products derived from ZIF-L and nano-sized Se
(Fig. S1a), CoSe/NC-L composites, in which ultrafine nanoparticles
sparsely distribute on the surface of leaf-like NC matrix. According
to the XRD pattern (Fig. 1d, red line), the ultrafine nanoparticles are
indexed by freboldite CoSe and the NC matrix is likely to be
amorphous carbon due to the absent carbon characteristic peak.
While using micro-sized Se source (Fig. S1b), it tends to produce
more serried and coarsened particles on the surface of NC matrix
(Fig. 1c). And the XRD pattern of this sample is corresponding to a
mixture of CoSe and Co9Se8, thus it is named as CoSex/NC-L hybrids
(Fig. 1d, blue line). Moreover, the XRD pattern of CoSe/NC-L com-
posites show weaker and broader peaks than that of CoSex/NC-L
hybrids, further confirming the easier formation of ultrafine CoSe
nano-crystallites by employing nano-sized Se source. Their crys-
tallite size can be calculated by Scherer equation:

D ¼ kl
b cosq

(1)

Where D is the average grain size, k means the Scherer constant (a
value of ~0.9), l is equal to 1.54 Å, b is the full width at half
maximum (FWHM) of the diffraction peaks and q is the corre-
sponding angle of diffraction. The calculated results show that the
crystallite size of CoSe in CoSe/NC-L is 11.2 nm while that of CoSe/
Co9Se8 in CoSex/NC-L is 30.9 nm. According to the size distribution
in Fig. S1d, the as-prepared nano-sized Se exhibits better unifor-
mity and smaller particle size than that of commercial micro-sized
Se. The nanometer size effect endows nano-sized Se with faster
dynamics of phase transformation (melting/vaporization) and
diffusion kinetics, which is favorable for rapid nucleation and
complete selenization reaction. Thus, nano-sized Se results in the
formation of ultrafine CoSe nanoparticles rather than coarsened

CoSe/Co9Se8 particles embedded in NC matrix.
The detailed structural information of CoSe/NC-L has been

further analyzed by transmission electron microscopy (TEM). As
shown in Fig. 2a and b, a two-dimensional leaf-like structure could
be observed clearly, indicating that the in-situ growth of CoSe
nanoparticles did not damage the leaf-like morphology of N-doped
carbon matrix. The high-resolution TEM (HRTEM) image (Fig. 2c)
reveals that the ultrafine CoSe nanoparticles have a diameter of
10 nm and are mostly encapsulated into N-doped carbon matrix.
The carbon matrix exhibits long-range disorder of amorphous
phase, while the nanoparticles display the lattice fringes with a
spacing of 0.27 nm (Fig. 2d), corresponding to the (101) plane of
freboldite CoSe. This is consistent with the XRD results. In addition,
an energy-dispersive X-ray (EDX) elemental mapping reveals the
distribution of Co, Se, C and N, where Se and Co in pairs throughout
the leaf-like matrix with uniformly dispersed N and C. The results
had been further confirmed by the intermittently increased Co/Se
signals and steady C/N signals in EDX linescan profiles (Fig. 2e).
Thus, CoSe/NC-L composites present two-dimensional leaf-like
architecture that can provide plentiful active sites for sodium ions
storage, and the flexible amorphous carbon matrix would accom-
modate the volume change of CoSe nano-crystallites.

The surface functional groups and chemical states of elements
on the surface of CoSe/NC-L composites and CoSex/NC-L hybrids
were investigated by Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). As shown in
Fig. S2, a series of sharp peaks are assigned to the stretching vi-
bration of CeN, C]N, CeH and NeH [31,32]. These abundant
nitrogen-containing species are indications of nitrogen doping in
CoSe/NC-L and CoSex/NC-L. The high-resolution XPS spectrum of C
1s (Fig. S3a,c) demonstrates that the peaks at 284.5, 285.6, and
286.8 eV originate from sp2-bonded CeC, CeN, and CeO, respec-
tively [27,33]. The presence of CeN peak reveals that the nitrogen is
well doped in the carbonmatrix. The state of N element was further

Fig. 2. Detailed structural characterization. a, b) TEM images of CoSe/NC-L. c, d) HRTEM images of CoSe/NC-L and e) the EDX linescan profiles and mapping images of Se, Co, N and C.
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studied by the N 1s spectrum in Fig. S3b, d, where three types of
nitrogen atoms at binding energies of 398.2, 399.1, and 400.7 eV are
corresponding to pyridinic N, pyrrolic N, and graphitic N, respec-
tively [20,34]. The nitrogen contents of CoSe/NC-L, especially the
proportion of pyridinic N and pyrrolic N, are higher than those of
CoSex/NC-L (Table S1). Generally, pyridinic N and pyrrolic N pro-
mote local disorder and defect sites, leading to an enhanced carrier
transport in CoSe/NC-L composite. In the high-resolution Co 2p
spectrum of CoSe/NC-L (Fig. 3a), two pairs of peaks located at
around 796.4 eV/792.9 eV for Co 2p 1/2 and 780.6 eV/778.0 eV for
Co 2p 3/2 are ascribed to the spin-orbit characteristic of Co2þand
Co3þ [35e38]. Comparatively, Co 2p peaks of CoSex/NC-L containing
Co9Se8 (Fig. 3c) shift towards the higher binding energy, indicating
different valence states and ion distribution between different Se
surroundings of Co [38]. As for the high-resolution spectrum of Se
3d, the two peaks at 53.5 and 54.4 eV (Fig. 3b, d) are corresponding
to the binding energies of Se 3d5/2 and Se 3d3/2 in cobalt selenide,
respectively [17,39], while the peaks at 58e60 eV are attributed to
SeeO bonds at the surface and Co 3p [40]. Obviously, the contrast
between the two peak intensities demonstrates that the selenation
degree of CoSex is less than that of CoSe and the coarsened particles
exposed to matrix suffer from possible oxidation. This may bring
out adverse impact on Naþ storage performance since selenium
dominates the electrochemical reaction with sodium. As shown by
the TG curves in Fig. S4a, the weight loss below 200 �C is mainly
attributed to the evaporation of water molecules, and the slight
weight increase at about 320 �C implies the oxidation of cobalt and
selenium species [21,41]. Thereafter, a dramatic weight loss occurs

due to the combustion of CN matrix and the escape of selenium
oxide [26,42]. Particularly, the combustion process of CoSex/CN-L
hybrid begins later, which illustrates the slower oxidation reaction
of coarsened CoSex; whereas, the combustion process of CoSe/NC-L
composite lasts longer time, deducing that ultrafine CoSe nano-
crystalline wrapped into CN matrix improves the structural sta-
bility of CoSe/NC-L composite. Finally, the residual weights of the
two samples are approximate, indicating their similar Co contents
due to the same precursor. The XRD pattern of the fine product after
TG analysis is assign to Co3O4 (Fig. S4b). Based on the invariant Co
atom during reaction [20,22], the estimated content of CoSe in
CoSe/NC-L composite is about 72.8wt%.

Nitrogen adsorption-desorption measurements were employed
to characterize the specific surface area and porosity of CoSe/NC-L
and CoSex/NC-L. As shown in Fig. 4, these adsorption-desorption
isotherms are assigned to a type-IV curve with a H3 hysteresis
loop, indicating the present of mesoporous structure in the samples
[43,44]. The specific surface area of CoSe/NC-L and CoSex/NC-L are
calculated to be 140.9 cm2 g�1 and 136.1 cm2 g�1, respectively, ac-
cording to the Brunauer-Emmett-Teller (BET) method. Fig. 4c
compares the corresponding pore size distributions of the two
samples obtained from the Barrett-Joyner-Halenda (BJH) model.
The CoSe/NC-L composite presents more pores of 2e10 nm due to
the ultrafine CoSe particles in matrix. As for CoSex/NC-L, the
excessive growth of coarse CoSex particles needs to occupy spaces,
resulting in reduced pores between the particles. Fig. 4d displays
the Raman spectra of CoSe/NC-L and CoSex/NC-L, where D peak
indicates the disorders or defects in the carbon matrix, and G peak

Fig. 3. XPS spectra of as-prepared samples. a) Co 2p peak of CoSe/NC-L, b) Se 3d peak of CoSe/NC-L, c) Co 2p peak of CoSex/NC-L, and d) Se 3d peak of CoSex/NC-L.
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originates from the graphitized carbon. Accordingly, we had fitted
the spectra by Gaussian and the integrated areas [31] of these
curves were exhibited in Fig. S5. The value of ID/IG for CoSe/NC-L
and CoSex/NC-L are about 0.98 and 0.95, respectively. It reveals
that the carbon marix of CoSe/NC-L possesses slightly more defects
than that of CoSex/NC-L, leading to enhanced sodium ions storage.

The CoSe/NC-L composite was then assembled into batteries
with Na metal as counter electrode to evaluate the electrochemical
performance. The cyclic voltammetry (CVs) curves of CoSe/NC-L
electrode was collected at a scan rate of 0.1mV s�1 between 0.1 V
and 3 V versus Naþ/Na. Fig. 5a presents the results for the first five
scans. During the initial scan process, CoSe/NC-L electrode presents
two cathodic peaks at respectively ~1.55 V, ~0.72 V and one anodic
peak at ~1.82 V. The weak cathodic peak at 1.55 V is associated with
the intercalation of Na ions into the CoSe, resulting in the formation
of NaxCoSe (Reaction (1)) [14,20]. The strong cathodic peak at 0.72 V
is due to the further reduction of NaxCoSe to Na2Se and metallic Co
(Reaction (2)), and the formation of a solid-state interphase (SEI)
layer [20,21]. And the anodic peak at ~1.82 V is assigned to the
reversible conversion reactions of Na2Se and Co to CoSe [17]. The
electrochemical reactions of the CoSe/NC-L composite during the
first discharge/charge processes occur as follows:

CoSe þ xNaþ þ xe�/ NaxCoSe (R1)

NaxCoSe þ (2-x) Naþ þ (2-x)e�/ Co þ Na2Se (R2)

In subsequent cycle, the cathodic peaks observably shift to
1.07 V and 1.26 V vs Na/Naþ due to the irreversible phase transition

[18]. Meanwhile, the identified anodic/cathodic peaks exhibit
favorable repeatability, implying the good electrochemical stability
of CoSe/NC-L composite for Naþ storage. Fig. 5b reveals the GDC
voltage curves of CoSe/NC-L composite at a current density of
0.2 A g�1. The reaction processes in these GDC curves are in con-
formity to above CV results. Moreover, the initial discharge and
charge capacities of CoSe/NC-L composite are 787.9 and
529.6mA h g�1, respectively, obtaining an initial CE of about 67.2%.
And after three cycles, the CE of CoSe/NC-L electrode quickly sta-
bilizes at >98%. The initial irreversible capacity loss is largely due to
irreversible phase transition and the formation of SEI, while the
subsequent capacity loss corresponds to volume expansion and
fragmentation of active materials. Fig. 5c revealed the galvanostatic
discharge-charge (GDC) profiles of CoSe/NC-L composite at
different current density. According to the peaks of CV curves, all
the corresponding plateaus can be observed in the GDC profiles at
various current densities, and the distance between oxidation and
reduction plateaus (voltage polarization) exhibits slight increase
with gradually elevated current density. These results imply an
excellent rate capability of CoSe/NC-L composite.

The rate capability and cycling performance of CoSe/NC-L
composite are exhibited in Fig. 5d and e. For comparison, the
electrochemical performances of CoSex/NC-L and CoSex/NC-poly-
hedral (as shown in Fig. S6) were also tested. The CoSe/NC-L
composite delivers the specific discharge capacities of about 542,
495, 466, 443, 413, and 336mAh g�1 accordingly at the current
densities of 0.05, 0.2, 0.5, 1, 2 and 5 A g�1. Once the current density
goes back to 0.2 and 0.05 A g�1, the specific capacity returns to 484
and 507mA h g�1, indicating an excellent electrochemical stability.

Fig. 4. Nitrogen adsorption-desorption isotherms of a) CoSe/NC-L and b) CoSex/NC-L. c) Corresponding pore size distributions of the two samples. d) Raman spectra of CoSe/NC-L
and CoSex/NC-L.
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Comparatively, the CoSex/NC-L electrode shows lower capacity,
especially at high current density, which may be correlated with
the inferior kinetics caused by the larger particle size and lower
selenization degree of CoSex. For the CoSex/NC-polyhedral elec-
trode by using the ZIF-67 as precursor, the rate capacity is much
worse than that of CoSex/NC-L hybrid (Fig. S6d), demonstrating the
advantages of two-dimensional leaf-like structure. The compared
cycling performances was tested in a potential window of 0.1e3.0 V
vs Na/Naþ at the current density of 0.5 A g�1 (Fig. 5e and S6e). The
first four cycles of all these cycling performance were activation
process by using the current density of 0.2 A g�1. The specific ca-
pacity of the CoSex/NC-polyhedral decreases quickly from

480mA h g�1 to 70mA h g�1 after 70 cycles (Fig. S6d). Similarly,
CoSex/NC-L hybrid starts to suffer from severe capacity degradation
after 80 cycles. In contrast, CoSe/NC-L composite delivers a specific
capacity of 397mAh g�1 even after 150 cycles, which shows
significantly enhanced cycling stability. In addition, the capacity
decay of CoSex/NC-L and CoSex/NC-polyhedral are accompanied by
a gradually decrease of coulombic efficiency (Fig. S6e, f). It is pro-
posed that the cyclic failure of CoSe material is correlated with the
coulombic efficiency (CE), which is influenced by the morphology
and structure. Obviously, the ultrafine CoSe nano-crystallites are
mainly wrapped into CN matrix, which could alleviate the stresses
from volume changes, thus the improvement of CE and cyclic

Fig. 5. Electrochemical performances evaluation. a) Representative CV curves for the first, second, third, fourth, and fifth cycles of CoSe/NC-L at a scan rate of 0.1mV s�1 b) GDC
profiles of CoSe/NC-L at current density of 0.2 A g�1 c) GDC profiles of CoSe/NC-L at various current densities. d) Rate performance of the CoSe/NC-L and CoSex/NC-L at various
current densities. e) Cycling performance of CoSe/NC-L and CoSex/NC-L at a current density of 0.5 A g�1, and the coulombic efficiency of CoSe/NC-L.
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stability of CoSe/NC-L composite surpassed that of CoSex/NC-L and
CoSex/NC-polyhedral.

To understand the superior electrochemical performance of
CoSe/NC-L composite, its reaction kinetics was studied by CV and
EIS measurements. As displayed in Fig. 6a, when the scan rate
ranges from 0.2 to 2mV s�1, all the CV curves of oxidation-
reduction process present well-defined peaks, indicating the
satisfactory reaction reversibility. The area inside a CV curve rep-
resents the capacity that can derive from diffusion-controlled
process and pseudo-capacitive behavior [45]. The corresponding
charge/discharge mechanism can be determined according to the
logarithmic linear relationship of scan rate (n) and peak current (i)
as follows:

logðiÞ ¼ logðaÞ þ b logðvÞ (2)

Where slope b of 0.5 means a diffusion-controlled process, and
b-value of 1.0 implies a pseudo-capacitive behavior [46e48]. Ac-
cording to the CV curves of CoSe/NC-L composite, the b values of
anodic peak and cathodic peak were fitted to be 0.8 and 0.78,
respectively (Fig. 6b), implying that the charge/discharge process of
CoSe/NC-L is dominated by the pseudo-capacitive behavior.
Furthermore, the contribution ratio of the pseudo-capacitive
behavior at various scan rates can be quantitatively calculated by
the following equation:

Fig. 6. Kinetics investigation of the electrochemical behavior towards Naþ for the CoSe/NC-L composite. (a) CV curves at different scan rates. (b) Determination of the b-value
according to peak current and scan rate. (c) Separation of the capacitive and diffusion currents in CoSe/NC-L at a scan rate of 0.2mV s�1. (d) Contribution ratio of the capacitive and
diffusion behaviors at different scan rate. (e) Nyquist plots of CoSe/NC-L and CoSex/NC-L before cycling. (f) Nyquist plots of two samples after 100 cycles.
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iðvÞ ¼ k1vþ k2v
1=2 (3)

In a voltage window of 0.1e3.0 V, 58.2% of total capacity is
assigned to pseudo-capacitive behavior at a scan rate of 0.2mV s�1

(Fig. 6c). As the scan rate increases, the contribution ratio of
capacitive process increasingly dominates the total capacity
(Fig. 6d). Pervious study [49] demonstrates that active materials
with smaller size usually offer a greater proportion of capacitive
behavior, thus ultrafine size features favorable for a superior so-
dium storage performance at high rates. The EIS results further
reveal the fast redox reaction happens on the surface of CoSe/NC-L.
As shown in Fig. 6e and f, the Nyquist plots of CoSe/NC-L and CoSex/
NC-L consist of a semicircle followed by a slope line, followedwith a
diffusion drift. It can be analyzed based on an equivalent circuit
inset in Fig. 6f, where Rf and Rct are the contact resistance and the
charge-transfer resistance at the electrode/electrolyte interface
[44], while Zw is the Warburg impedance associated with Na ions
diffusion. The fitting results are given in Table S2. Before cycling, the
resistances of CoSe/NC-L are a little smaller than that of CoSex/NC-L.
The CoSe/NC-L contains relatively smaller nanoparticles and higher
N-doped carbon matrix, which is responsible for the reduced
resistance. After 150 cycles, the Rf and Rct values of CoSe/NC-L both
increased due to the pulverization of electrode and formation of SEI
film during the repeated Naþ insertion/desertion process. Never-
theless, the CoSe/NC-L composites exhibited much smaller re-
sistances (Rf¼ 43U, Rct¼ 308U) than those of CoSex/NC-L
(Rf¼ 72U, Rct¼ 681U), which is ascribed to the minor pulveriza-
tion and stabilized SEI in the CoSe/NC-L electrode. The ability of Na
ion transport in electrode material can be estimated by the ion
diffusion coefficient (DNa

þ ), which plays crucial role on the electro-
chemical performance of batteries [50]. The related calculation
details were displayed in Fig. S7 and supplement information. Ac-
cording to EIS data, the DNa

þ of CoSe/CN-L and CoSex/CN-L are about
1.67� 10�15 cm2 s�1 and 1.08� 10�15 cm2 s�1 for the 150th cycle,
respectively, further demonstrating the enhanced sodium ions
transport in CoSe/CN-L. Therefore, CoSe/NC-L composite demon-
strates enhanced kinetic performance and improved cycling sta-
bility, highlighting the structural advantages of ultrafine CoSe and
two-dimensional leaf-like matrix.

The SEM observation and corresponding EDS of CoSe/NC-L after
100 cycles were conducted. As shown in Fig. S8a, the CoSe/NC-L
composite still retain the 2D sheet structure, even though some
aggregations and thin film can be observed. The fine structural
retention of CoSe/NC-L is assigned to the favorable stability of 2D
carbon matrix and the endurable volume changes of ultrafine CoSe
nanoparticles during discharge-charge processes [51]. From the
EDS results in Fig. S8b, the cycled CoSe/NC-L contains C, O, Na, Cl, Co
and Se elements, indicating the formation of the SEI film on the
active material.

The cycle performance of most CoSe-based composites towards
sodium ion storage in NaClO4 electrolyte system was reported less
than 100 cycles at a high current density. In this work, the unique
CoSe/NC-L composite maintains capacity retention of 82.2% even
after 150 cycles at 0.5 A g�1, demonstrating a superior cyclic sta-
bility. Besides, CoSe/NC-L composite also exhibits excellent rate
capability, as shown in Fig. S9. The outstanding electrochemical
performance of CoSe/NC-L composite is attributed to the syner-
gistic effect of ultrafine nanoparticles and two-dimensional CN
matrix. Firstly, the ultrafine CoSe nano-crystallites derived from
nano-sized Se contribute to highly electrochemical activity and fast
reaction kinetics for Na ions storage, generating excellent rate
performance. Secondly, nitrogen doping endows the two-
dimensional carbon matrix with good electrical conductivity,
which is advantageous to electronic transport. Meanwhile, the two-

dimensional structure is beneficial to the rapid contact between the
matrix and the electrolyte, forming a stable SEI layer for high initial
coulombic efficiency. Finally, compared to the exposure of coars-
ened CoSex, ultrafine CoSe nano-crystallites are more prone to be
encapsulated into two-dimensional matrix, which could effectively
accommodate the volume change and pulverization of CoSe
nanoparticles and restrain the formation of unstable SEI layers
upon cycling, thus delivering high cyclic stability, and coulombic
efficiency. Therefore, CoSe/NC-L composite demonstrates superior
kinetic performance, cyclic stability, and coulombic efficiency and
could be used as high-performance anode materials for SIBs.

4. Conclusions

In summary, a two-dimensional leaf-like composite of ultrafine
CoSe nano-crystallites and N-doped carbon matrix was fabricated
via a one-pot selenization process. The ultrafine CoSe nano-
crystallites (~11 nm) were in-situ formed in the nitrogen-doped
carbon matrix during high-temperature reaction of ZIF-L and
nano-sized selenium. For comparison, the micro-sized selenium
source resulted in an exposure of coarsened CoSe/Co9Se8 mixed
crystals (~31 nm) on the surface of CNmatrix, obtaining CoSex/CN-L
hybrids. As the anode materials for NIBs, the CoSe/NC-L composite
demonstrates superior reaction kinetics and coulombic efficiency,
achieving an excellent rate performance and cyclic stability due to
the synergistic effect of ultrafine CoSe and encapsulation into two-
dimensional NC matrix. This work opens up possibilities for the
reasonable design of various selenide materials in electrochemical
applications, such as Na/Li ions batteries or electrochemical
catalysis.
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