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ABSTRACT

The yolk—shell structure has a unique advantage in lithium-ion batteries applications due to its ability to effectively buffer the
volume expansion of the lithiation/delithiation process. However, its development is limited by the low contact point between the
core and shell. Herein, we propose a general strategy of simultaneous construction of sufficient reserved space and multi-
continuous active channels by pyrolysis of two carbon substrates. A double-shell structure consisting of Co;O, anchored to
hollow carbon sphere and external self-supporting zeolitic imidazolate framework (ZIF) layer was constructed by spray pyrolysis
and additional carbon coating in-situ growth. In the process of high-temperature calcination, the carbon and nitrogen layers
between the shells separate, creating additional space, while the Co;0, particles between the shells remain are still in close
contact to form continuous and fast electron conduction channels, which can realize better charge transfer. Due to the synergy of
these design principles, the material has ultra-high initial discharge capacities of 2,183.1 mAh-g™ at 0.2 A-g™ with capacity of
1,121.36 mAh-g™ after 250 cycles, the long-term capacities retention rate is about 92.4% after 700 cycles at 1 A-g™". This unique
channel-type double-shell structure fights a way out to prepare novel electrode materials with high performance.
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1 Introduction

Lithium-ion batteries (LIBs) have been widely used in electronic
fields due to their ability to provide higher mass and volume
energy density [1,2]. However, the relatively low theoretical
capacities of conventional graphite anodes limit the commercial
application of LIBs [3-5]. Fortunately, niobium-based oxides
(Nb},059, MOND,,053, V3Nb,;05, TiNb,O5, Aly,FeysNb; 05, etc.),
vanadium-based oxides (Na,Ca(VO,),, VPO;, etc.), and metal
oxides such as Co;0, have excellent physical and electrochemical
properties, which can meet the requirements of high-performance
LIBs. However, due to the inherent low conductivity of
metal oxides (MOs) and the volume collapse caused by the
lithium—delithiation ~ process, electrode pulverization and
agglomeration can be induced, resulting in a rapid decrease in
circulating capacity [6-9]. Structural regulation, especially the
construction of cavity structure, has become an important strategy
to improve lithium capacity [10-13]. For example, Guo et al. fixed
Co™ in alginate fiber through a typical “egg-box” and changed the
adsorption depth of Co* to achieve ion gradient distribution by
adjusting the ratio of mixed water/ethanol solvent [10]. Multi-shell
hollow Co;0, fibers showed the best performance (940.2 mAh-g*
after 200 cycles at 1 A-g™). However, the structural regulation on
the improvement of electronic conductivity is minimal, so the
combination of high conductivity carbon materials and metal

MOs becomes an effective means to improve the conductivity
[14-16]. For example, Geng et al. prepared Co;0,-doped hollow
porous carbon microspheres by spray pyrolysis to control the
carbon content in the microspheres by adjusting the ratio of Co*
to glucose [17]. Although cavity structures can provide additional
storage space for lithium ions, lithium ion transport processes
often lack efficient channels [18-22]. The uniform and effective
contact between MOs and conductive carrier also restricts the
lithium storage performance. Therefore, it is equally important to
construct ion transport channels and extra lithium storage cavity
for metal oxide electrode materials.

Herein, we report a strategy of simultaneous pyrolysis of two
carbon substrates to create a functional reserved space between
double carbon-nitrogen shells and an interdiffusion active Li*
channel for carbon-Co;O,-carbon. Firstly, Co;O0,/C hollow
spheres were prepared by spray pyrolysis method [23,24], and
then Co;0, was dissolved on the surface of hollow spheres by
dimethylimidazole to form Co*, which diffuses outward and
coordinates with dimethylimidazole to grow continuously,
forming the supported zeolitic imidazolate framework (ZIF) layer.
Finally, during the high-temperature calcination process, a few of
amorphous carbon in the inner shell still maintain a stable
microsphere structure, while a large number of highly crystalline
carbon layers in the outer shell shrink to produce extra space,
which contributes to the capacity and effectively restrict the
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formation of structural collapse and cracks. Meanwhile, the Co;0,
particles in the inner shell are oriented to grow and arrange in
close contact with the Co;O, pillar of the shell, forming a
continuous and rapid Li* channel and a conductive matrix with
high strength, which has a lower surface-interface electron/ion
diffusion resistance and achieves better charge transfer. The design
fully grasps the balance between the volume effect of the
composite and the effective ion channel construction. The
performance testing shows that the prepared double-shell Co;0,
composite capacities are 1,121.36 mAh-g* after 250 cycles at
0.2 A-g” and the long-term capacities retention rate is 92.4% after
700 cyclesat 1 A-g™.

2 Experimental section

2.1 Materials

All chemical reagents were purchased from commercial sources
and used without any further purification: Co(NO;),-6H,O(AR),
N-methyl-2-pyrrolidone ~ (NMP), and  2-methylimidazole
(98%) were got by Aladdin Industrial Corporation.
Polyvinylidenefluoride (PVDF), Cu foil (10 mm thickness),
metallic Li (0.6 mm thickness, 99.9%), a separator (Celgard 2325),
and Super-P-Li (carbon black) were got by Lizhiyuan Battery
Materials Company. The above chemicals were not further
purified.

Synthesis of Co0;0,@C. The molar ratios of Co(NO;),-6H,0
(AR) and polyvinyl pyrrolidone (PVP) in deionized water
(40.0 mL) were 8:0, 8:2, and 8:4, respectively. The concentration of
cobalt ion in the solution was 0.5 mol/L and stirred for 30 min.
The aerogel formed from the mixed solution was then
decomposed in a spray pyrolysis apparatus at 500 °C, and the
resulting sample was dried at 60 °C for 12 h. Finally, the dried
powder was calcined in Ar atmosphere at 500 °C for 4 h to obtain
the black product. The corresponding samples were Co;0,, S8-2,
and S8-4.

Synthesis of Co;0; CN double-shell. First, 0.1 g of the spray
pyrolysis product of step 1 (8:2) was dissolved in 10.0 mL
deionized (DI) water and 10.0 mL ethanol with stirred evenly.
Second, 1.0 g of 2-methylimidazole (98%) was added in above
mixed solution. After ultrasonic treatment for 30 min, uniform
mixed solution was obtained. Stirring at room temperature for 3 h.
After the reaction, the samples were centrifuged with water and
ethanol for 3 times, and placed in a vacuum drying oven for 12 h.
Finally, the dry powders were calcined at 500 °C for 4 h in an Ar
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Scheme 1 Schematic representation of Co;0,@CN double-shell microspheres composites.
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atmosphere to obtain Co;0,@NC double-shell microspheres.

2.2 Material characterization

The crystalline phase of products was tested by X-ray diffraction
(XRD) with Cu Ka radiation (Bruker AXS, D8 Advance). Element
valence states on the surface of composite materials were analyzed
with X-ray photoelectron spectroscopy (XPS) with Al Ka X-ray
radiation (Thermo Fisher, ESCALAB 250XI). By high resolution
transmission electron microscopy (HRTEM, FEI Tecnai G220),
transmission electron microscopy (TEM, Hitachi HT-7700), and
field emission scanning electron microscopy (FESEM, Hitachi S-
8100), we can observe the structure, size, and morphology of the
samples. We can analyze samples pore size distribution and
specific surface area by automated gas sorption analyzer
(Micromeritics, ASAP2010N). The thermogravi-metric analysis
(TGA) was performed on thermogravimetric analyzer (TA, Q500)
under air.

2.3 Electrochemical measurements

The mixed slurry was made of the product obtained from the
experiment, Super-P-Li, and PVDF in a weight ratio of 7:2:1. And
it was coated onto clean Cu foil, and dried for 24 h. The working
electrode was assembled into a 2,032 coin cells in a glove box, and
the mass loading of working electrode’s active material was
11-14 mgem™ 1 M LiPFy added in the mixed ethylene
carbonate/dimethyl carbonate (EC/DEC) (volume ratio = 1:1) was
used as the electrolyte solution. Battery performance was tested on
a battery test system (Neware, CT-4008) at 25 °C. The cyclic
voltammetry (CV) was tested on an electrochemical workstation
(Chenhua, CHI660C) at a scan rate of 0.2 mV-s™. In addition, the
electrochemical impedance spectroscopy (EIS) plots were tested at
10 mV of amplitude and in a frequency range from 0.1 MHz to
0.01 Hz.

3 Results and discussion

The fabrication process of Co;0,@CN double-shell microspheres
can be illustrated by Scheme 1. To begin with, a certain proportion
of cobalt nitrate and PVP were used as raw materials to synthesize
Co;0, hollow spheres by spray pyrolysis. Next, dimethylimidazole
reacted with hollow spheres to dissolve Co;0, into Co*, and Co**
diffused outward to realize continuous growth and form
Co;0,@ZIF. Finally, Co;0,@CN double-shell microspheres were
obtained by high-temperature calcination. The two-dimensional
(2D) section view more clearly illustrates the growth mechanism

Calcination
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of double-shell microspheres and the synchronous customization
of interface channels and confined space. We believe that this
unique structure is of great significance for constructing high-
performance lithium-ion batteries.

As expected, Co;0,@CN double-shell microspheres have been
formed as shown in Fig. 1(a) which observed in SEM images.
Figure 1(b) shows a microsphere with a diameter of about
700 nm, which clearly demonstrates the characteristics of the
double-shell ~ structure. Figure 1(c) further reflects the
microstructure between the double-shell. It is worth noting that
there is not a single cavity structure between the interfaces of the
double-shell, but there is a cross-shaped strut in which a cross-
interleaved zigzag is present, as shown in the inseted diagram. The
formation of double-shell ~microspheres is due to
dimethylimidazole can cross the pores of ZIF, react with Co;0, in
the inner shell, and deprotonate with the generated H, so that a
small amount of Co;0, is dissolved in Co*". On the outer surface
of the ZIF layer, Co* diffused outwards and reacted with a large
number of ligands to achieve continuous growth. The
synchronous formation of channel and space is attributed to the
difference of Co;0,4 and carbon content between the double-shell
(depending on the proportion of the Experimental section). The
inner shell is a hollow sphere composed of quite a little of Co;0,
particles and little of amorphous carbon, and an outer shell is little
of Co;0, particles and a pretty little of highly crystalline carbon

Nano Res. 2022, 15(7): 6192-6199

layers. During the calcination process, the Co;O, pillars of an
outer shell, grown and arranged directionally with Co,0, particles
in the inner shell as a self-sacrificing template, did not change,
thus constituting interface channels. On the other hand, the
carbon matrix produces inherent decomposition at high
temperatures, so the decomposition of a large amount of carbon
in the shell generates part of the space. Meanwhile, the self-
supporting effect of the Co;0, pillar in the shell inhibits the
shrinkage of part of the highly crystalline carbon layer to generate
additional space. In addition, Fig.S1 in the Electronic
Supplementary Material (ESM) shows that the double-shell were
closely connected before calcination, and additional space was
generated between the double-shell after high-temperature
calcination. TEM images at different magnification further directly
prove the existence of Co;O, channels connected (Fig. 1(g)) and
the formation of space between the double-shell (Fig. 1(k) and Fig.
S2 in the ESM). HRTEM (Fig. 1(d)) shows that the lattice spacing
of Co;0, in the ZIF layer is 0.202 nm, which is consistent with the
lattice fringe of the inner shell edge. Figure 1(h) shows that the
lattice spacing of Co;O, in the inner shell is 0.46 nm. This is
consistent with the growth mechanism of Co;0,@CN double-
shell. TEM images (Figs. 1(e), 1(f), and 1(i)) confirmed that the
inner shell maintained a stable microsphere structure during the
calcination process, while the outer shell shrank from creating
space, and there were good interface channels between the double-
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Figure1 (a)-(c) SEM images of Co;O,@CN double-shell. TEM images (e)-(g) and (k) of Co;0,@CN double-shell. (d) and (h) HRTEM images of the double-shell,
respectively. (i) and (j) The scanning TEM (STEM) image and the corresponding elemental mapping images of the product. (I) XRD patterns of the Co,0, and
C0;0,@CN double-shell. (m) XPS spectra of Co 2p for the Co;0,@CN double-shell. (n) N, adsorption/desorption isotherm and Barrett-Joyner-Halenda (BJH) pore

size distribution curves of Co;0,@CN double-shell.
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shell. Transmission element mappings of product as shown in Fig.
1(j), and the uniform distribution of C, N, Co, and O can be
observed, which is also proved by energy-dispersive X-ray (EDX)
result in Fig. S3 in the ESM.

In this case, the hollow sphere, crumpled sphere, and
Co;0,@CN double-shell sphere are named S8-2, $8-4, and double-
shell 8-2 (DS 8-2), respectively, according to the proportion of
Co™ and PVP. Figures S4-S6 in the ESM show SEM and TEM
images of Co;O, S8-2, and S8-4. Figure S4 in the ESM was
prepared without PVP template, from which we can see that the
material shows a solid spherical structure, and the voids on the
surface are related to the rapid evaporation of solvent during the
reaction process. With the increase of PVP, the morphology
gradually changed from solid sphere to hollow sphere (Fig. S5 in
the ESM) and then to crumpled sphere (Fig.S6 in the ESM).
During spray pyrolysis, the content of PVP will affect the surface
tension of the solvent, which is the key to regulating the pore
morphology, similar to the principle of blowing balloons. It can be
seen that the change of morphology is due to the change of PVP
concentration in critical micelle concentration, which inhibits
balloon expansion in the pyrolysis process.

The phase and crystal structure of the product can be
determined by XRD analysis. The diffraction peaks of samples
Co;0,, double-shell 8-2 (Fig. 1(1)) and S8-2 (Fig. S7(a) in the ESM)
were in good consistent with cubic Co;0, (JCPDS #42-1467) [25].
No other characteristic peaks were found, indicating that the
samples had good crystallinity and purity. However, it is worth
noting that S8-4 (Fig. S7(b) in the ESM) is not calcined adequately
because it contains more carbon and generates partial cubic CoO
(JCPDS #48-1719) [26]. To further analyze the elemental analysis
of the sample surface, we carried out XPS measurement [27-30].
The XPS spectra showed the presence of Co, O, C, and N
elements in the samples. Figure 1(m) is a high-resolution XPS
spectra of the product. We can observe that the Co 2p is
decomposed into two characteristic peaks of 779.8 and
795.1 eV, which is consistent with Co 2p;, and Co 2p,,. In
addition, the cubic Co,0, definite rule is attributed to the binding
energy difference and peak strength ratio of the two characteristic
peaks. Figure S8(a) in the ESM is the XPS survey spectrum. Figure
S8(b) in the ESM is the XPS spectra of C 1s. The characteristic
peak of 284.83 eV corresponds to C=C/C-C peak, and 286.85 eV
corresponds to O-C=0. Figure S8(c) in the ESM in the XPS
spectra of N 1s can be de-discovered into three peaks: 398.93,
399.53, and 406.23 eV, corresponding to the pyridinic N, pyrrolic
N, and graphitic N. The presence of Co;0, was further confirmed
by the O 1s spectra at 529.83 eV (Fig.S8(d) in the ESM). In
addition, the specific surface area and pore structure of Co;0,, S8-
2, S8-4, and double-shell 8-2 were determined by the nitrogen
adsorption/desorption method [31-33]. It is not difficult to find
that double-shell 8-2 has a specific surface area of 104.61 m*g™
(Fig. 1(n)), higher than S8-2 of 74.35 m*g" in Fig.S9(b) in the
ESM, which is caused by the space generated during pyrolysis.
However, the specific surface area of hollow carbon spheres is
much higher than that of solid spheres (32.27 m*g™" in Fig. S9(a)
in the ESM) and crumpled spheres (13.85 m*g™, Fig. S9(c) in the
ESM), indicating that the shape control of materials is also crucial
to the specific surface area. Figure 1(n) shows that the pore
size distribution is between 10-40 nm, indicating a typical
microporous and mesoporous material. The double-shell can
provide a higher specific surface area and even the aperture
distribution, which is beneficial to the insertion and delamination
of lithium-ion, alleviates volume expansion, and improves
electrolyte immersion and sample cycle stability.

CV electrochemical characterization indicated the properties of
the product. The first three cyclic voltammetry curves are shown
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in Fig.2(a). Co;0, only has a substantial reduction peak near
0.784 V in the first discharge [34-36], which is due to the
reduction of metal Co and the formation of solid electrolyte
interface (SEI) film in the process of Co;0, + 8Li* + 8¢ > 3Co +
4Li,0. Due to the oxidation of Co to CoO (Co + Li,O > CoO +
2Li" + 2¢7), a prominent oxidation peak appears at 2.032 V and the
weak peak at 2.773 V is due to the decrease of electrolyte. In the
second and third stages, the substantial reduction peak was
replaced by two broad peaks, which split into 0.762 and 0.754 V,
and the intensity decreased significantly in the subsequent cycle,
indicating that a multi-step reaction occurred during the discharge
process. Some irreversible transformation and structural
modification took place in the first cycle [37]. The oxidation peak
was located near 2.014 V. During the subsequent cycle, the
intensities of the reduction peaks and oxidation peaks are
substantially ~consistent, indicating that double-shell 8-2
microspheres as anode materials have impressive cycling stability.
The charge-discharge curves of double-shell 8-2 and Co,0, in the
first three cycles at 0.2 A-g" are shown in Fig. 2(b). The initial
discharge capacities and charge capacities are 2,183.1 and
1,666.22 mAh-g”, which are much higher than the theoretical
capacities of carbon (372 mAh-g"') and even Co;0, (890 mAh-g)
and equivalent to 76.3% of the initial coulombic efficiency. The
specific discharge capacities of the second and third cycles are
1,647.88 and 1,491.47 mAh-g” and the capacities retention rates
are 88.8% and 90.6%. The initial discharge capacities and charge
capacities of Co;O, (Fig.S10 in the ESM) are 1,110.11 and
748.53 mAh-g". The specific discharge capacities of the second
and third cycles are 757.09 and 474.63 mAh.g' and the
Coulombic efficiency are 61.8% and 78.6%. It was evident that the
structure and composition of Co;0, can affect the charging and
discharging process during the cycle [38,39]. During the
subsequent cycle, the Coulombic efficiency of double-shell 8-2
sample remained 100%.

The rate performance of double-shell 8-2 is shown in Fig. 2(c).
At the current density of 0.2, 0.5, 1.0, 2.0, and 5.0 A-g”, the average
charge capacities are 1,124.57, 713.22, 683.05, 493.67, and
389.58 mAh-g, respectively. When the sample after 50 cycles at
0.2 A-g" again, the charging capacities reache 1,168.71 mAh-g”,
which verifies the double-shell 8-2 has excellent cycling stability,
and the material prepared by this method has good performance
of lithium-ion batteries. As shown in Fig. 2(d), after 150 cycles, the
specific discharge capacity remains at 1,408.01 mAh-g* and after
250 cycles, it remains at 1,121.36 mAh-g”". The charge-discharge
capacities tend to be stable, and the Coulomb efficiency is more
than 99%. More specifically, the key to long-term cyclic stability is
the continuous formation of SEI films on new surfaces due to
volume changes, which may affect lithium storage, leading to
capacity decline at an early stage. However, in the subsequent
charge-discharge cycle, Co,0,@CN double-shell SEI films tend to
stabilize immediately, indicating that the spatial structure between
double-shells induced by ZIF effectively limits the structure
collapse and crack. At the same time, the excellent conductivity is
attributed to the existence of multiple continuous and fast Li
channels between the double shells, forming more Li* sites and
strength conductive matrix. Figure 2(f) shows that double-shell 8-
2 still retains 798.247 mAh-g™ specific discharge capacities after
200 cycles and 667.41 mAh-g" specific discharge capacities after
700 cycles under the current density of 1 A-g”. However, the
performance of Co;0, S8-2, and S$8-4 samples is poor. Figure
S1l(a) in the ESM shows that during the first 150 cycles, the
capacities of Co;0,, S8-2, and S8-4 are 539.23, 924.86, and 841.56
mAh-g", respectively. Figure S11(b) in the ESM shows that the
specific discharge capacities of Co;0,, S8-2, and S8-4 samples are
189.39, 405.9, and 354.38 mAh-g", respectively. Figure 2(e) and
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Figure2 (a) CV curves of double-shell 8-2 as anode materials at a scan rate of 0.2 mV-s™ between 0.01 and 3.0 V versus Li/Li", (b) charge-discharge curves of the first
three cycles of the product, and (c) rate performance of them at various current densities from 0.2 to 5.0 A-g™. (d) Cyclic performance of double-shell 8-2 at the current
density of 0.2 A-g™ after 250 cycles. (e) EIS of double-shell 8-2 after 20 cycles at a rate of 1 A-g”, and the inset shows the equivalent circuit. (f) Cyclic performance of

double-shell 8-2 at the current density of 1 A-g™ after 700 cycles.

Fig. S12 in the ESM show the electrochemical impedance spectra
of double-shell 8-2 electrode material after 20 cycles at 1 A-g” cycle
rate. The semicircle and straight line on the curve reflect the
insertion transfer resistance and diffusion of lithium ions in the
electrode, respectively. The galvanostatic intermittent titration
technique (GITT) profiles showed that the construction of
channels can effectively guide the lithiation/delithiation process
and accelerate the reaction kinetics (Fig. S13 in the ESM) [40]. In
contrast, double-shell 8-2 has the best transmission performance,
mainly due to the construction of the interface channel and the
presence of double carbon-nitrogen shell. Specifically, its
impedance value of 150.3w is much smaller than that of Co;0,, S8-
2, and S8-4 samples, consistent with GITT tests. In Table S1 in the
ESM, the prepared material has ultra-high lithium storage
properties compared to some similar studies.

Pseudocapacitance behavior is a Faraday process that occurs on
the surface of electrode materials and involves the characteristics
of rapid charge and discharge of materials. Its existence is
conducive to improving lithium-ion transport capacity [41-43].
Figure S14 in the ESM provides an in-depth study of the
pseudocapacitance contribution of the prepared double-shell 8-2.
As shown in Fig. S14(a) in the ESM, the CV curves of the material
were tested at the scanning rates of 0.1, 0.3, 0.6, 0.9, and 1.2 mV's™
and the dynamics of double-shell 8-2 as anode materials was
further studied. It is proved that the existence of channels between
double carbon and nitrogen shells can improve the transport
capacity of Li* to some extent. In addition, with the increase of
scanning rate, the peak current variation trend of cathode and
anode indicates that the reaction is a surface process. Assume that
the peaks of current (I) and scan speed (v) obey a power-law
relationship: I = av’, where a and b are constants. The b value is
related to the intrinsic kinetics of the electrode reaction and is
determined by a curve between logl = blogv + loga, generally

between 0.5 and 1. b value equals to 0.5 and is the diffusion
control process, while b value equals to 1 and is the surface
capacitance control process [44, 45]. In Fig. S14(b) in the ESM, the
b values of the oxidation peak and reduction peak are 0.644 and
0.608, indicating that double-shell 8-2 as anode materials have
pseudocapacitance behavior in the reaction process. The total
charge contribution can be quantified by separating the specific
contribution of the capacitor process from the diffusion control
charge at a given voltage, and can be calculated at a given scanning
rate according to the following formula: I (V) = kv + k,v'”, where
kv is the capacitor control component and k,v is the diffusion
control component [46]. Figure S14(c) in the ESM shows the
separation of the capacitor control component (shaded area) and
the total charge when the scanning rate is 0.9 mV.s'. By
calculation, the capacitor contribution accounts for 81.283% of the
total value at the scanning speed of 0.9 mV-s™. The capacitor
control component’s contribution increases with the sweep speed
increases, as shown in Fig. S14(d) in the ESM. When the sweep
speed is 0.1, 0.3, 0.6, and 1.2 mV-s”, pseudocapacitance control
components accounted for 68.037%, 72.894%, 77.572%, and
85.351%, respectively. The results show that the channels between
carbon and nitrogen shell to a certain extent, improved its on the
electrochemical performance of dynamic capabilities, which is
mainly due to the carbon and nitrogen shell increase the contact
area of material surface and the electrolyte, and special
carbon-Co;0,~carbon channel shortened the Li* electrode
internal transmission path. Therefore, the performance of lithium-
ion batteries is improved to a certain extent.

Based on the performance differences between materials of
Co;0,, S8-2, S8-4, and double-shell 8-2 in Fig. 3(a) by observing
the electrode material after circulation, the Co;0, solid sphere is
wholly broken into small particles (Fig. S15 in the ESM); basically,
the S8-2 hollow sphere is part of the spherical structure. However,
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Figure 3 (a) Schematic illustration of the structure changes and transfer channels of ions and electrons during the cycling process. (b) The TG curve of double-shell 8-2.

the quantity is less (Fig. S16 in the ESM), the S8-4 shrivel sphere
into a similar to the block structure (Fig. S17 in the ESM), it is
essential to note that compared with S8-2, there are more spherical
structures in the double-shell 8-2, and the morphology remains
intact (Fig. S18 in the ESM), which may be the fundamental
reason for the performance difference. Based on the above
analysis, the following three strategically interdependent
characteristics of double-shell 8-2 are responsible for their
excellent anode performance. Firstly, the double carbon-nitrogen
shell structure provides a better constraint for Co;O, and
dramatically alleviates the volume expansion effect. Figure 3(b)
shows that the carbon content was 16.785% compared with that of
Co;0,, and it was observed that the mass fraction of carbon was
close to that in EDX result in Fig. S3 in the ESM. Secondly, the
reserved space formed between the double-shell provides more
storage sites. This is the key to constituting a high capacity. Finally,
it is built multi-continuous active channels between the double-
shell. It is a self-supporting effect in lithiation/delithiation process,
but also promotes the efficient recovery of lithium-ions, thereby
significantly improving electron conductivity and stability of the
entire electrode.

4 Conclusion

In summary, we constructed Co;O,@CN double shell composite
with specific reserved space and multiple continuous Li* active
channels. Different carbon pyrolysis between the double shells
generates additional lithium storage space. The self-supported ZIF
layer based on the directional growth of the inner shell has a well-
arranged hierarchical structure. The bonded together combination
between the two guarantees fast Li* transfer between electrodes
and ultra-high structural stability. Due to these design synergies,
this composite material can provide excellent lithium storage
properties. When the current density is 0.2 A-g, the specific
capacity remains at 1,121.36 mAh-g* after 250 cycles. When the
current density is 1 A-g”, the long-term capacity retention rate is
about 92.4% after 700 cycles. This unique channel double-shell
structure provides a new design for preparing high-performance
novel electrode materials.
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