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ABSTRACT: Here, we report a hierarchical Co;ZnC/carbon CosZnC
nanotube-inserted nitrogen-doped carbon concave-polyhedrons Lithiation
synthesized by direct pyrolysis of bimetallic zeolitic imidazolate Sodiation
framework precursors under a flow of Ar/H, and subsequent -

calcination for both high-performance rechargeable Li-ion and Na-

ion batteries. In this structure, Co;ZnC nanoparticles were 1250 Li-ion battery _ ¢ Na-ion battery
homogeneously distributed in in situ growth carbon nanotube- gmoo \05 os g s00lloz os
inserted nitrogen-doped carbon concave-polyhedrons. Such a  E s .2-2,0 sopm e E 4 L =
hierarchical structure offers a synergistic effect to withstand the % s L”ﬁf-&nj” £ 2

volume variation and inhibit the aggregation of Co;ZnC nano- 8 250 Charge  Currentdensity: Alg 8 achores  currentdensity:Alg
particles during long-term cycles. Meanwhile, the nitrogen-doped o T

carbon and carbon nanotubes in the hierarchical Co3ZnC/carbon
composite offer fast electron transportation to achieve excellent rate
capability. As anode of Li-ion batteries, the electrode delivered a high reversible capacity (~800 mA h/g at 0.5 A/g), outstanding
high-rate capacity (408 mA h/g at 5.0 A/g), and long-term cycling performance (585 mA h/g after 1500 cycles at 2.0 A/g). In
Na-ion batteries, the Co;ZnC/carbon composite maintains a stable capacity of 386 mA h/g at 1.0 A/g without obvious decay
over 750 cycles and a superior rate capability (~500, 448, and 415 mA h/g at 0.2, 0.5, and 1.0 A/g, respectively).
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B INTRODUCTION

Owing to the high capacity, long cycle life, and eco-friendliness,
rechargeable lithjum-ion batteries (LIBs) and sodium-ion
batteries (SIBs) have been regarded as promising energy
storage devices for applications in portable electronics and
hybrid vehicles.' " However, the energy density, power density,
and cycle lifespan of LIBs and SIBs still need to be further
improved for fulfilling the urgent demands of society. Massive
efforts have been focused on the seeking of novel high-
performance anode materials. In this regard, transition-metal
oxides (Sn0,°~" Mo0,,*’ and Fe,0,'”""), transition-metal
sulfides (SnS,,'*"* MoS,"*™"") and lithium-alloying materials
(Si,'® Ge' and Sn’®) have been extensively investigated
recently. Nevertheless, lithium and sodium storage mechanisms
of these materials are mostly based on conversion reaction

because of their high electrical conductivity, excellent stability
and inexpensiveness.21 As expected, some instructive works
exploring TMCs as promising anode materials for LIBs have
been reported, including Nb,C,** V,C,** Ti,C,** and Ti3C2,25
evidenced by density functional theory (DFT) computations
and experiments. Unfortunately, these simple TMCs exhibited
relatively low reversible capacity and poor cyclic performance.
One appealing approach for improving the cyclic performance
is to design TMC/C composite nanostructures, such as Fe;C
embedded in nitrogen-doped carbon,”® hierarchical porous
Mo,C—C hybrid®” and core—shell Fe@Fe;C/C nanocompo-
sites.”® Besides, the design of hybrid ternary TMC nanostruc-
tures is also another possible strategy to promote the reaction
kinetics and achieve superior cycle performance. Recently, Xiao
and co-workers reported ternary Co;ZnC/nitrogen-doped

mechanisms, which could lead to large volume expansion and
formation of solid-electrolyte interphase (SEI) layers that may
greatly restrict the cycling stability and rate capability.”"*
Recently, emerging transition-metal carbides (TMCs) appear
to be promising candidates in electrochemical applications
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carbon material, in which core—shell Co;ZnC nanoparticles
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were implanted in conductive carbon network, delivering a
higher reversible capacity and rate capability.”” It has been
proved that the lithium storage mechanism in carbide-based
anodes is not conversion reaction and intercalation mechanism,
but rather lithium adsorption model. Although ternary TMC-
based nanomaterials show good electrochemical performance
for lithium storage, there are very few reports on the rational
design of hierarchical TMC/C composites for sodium storage.
This is mainly attributed to the inherent larger ionic radius of
Na* (1.02 A) than Li* (0.69 A).*>*" Hence, it remains a major
challenge to develop an efficient strategy to prepare TMC-
based electrode material for both lithium and sodium storage.
More recently, metal—organic frameworks (MOFs) have been
employed to fabricate carbon-based porous nanostructures as
high-performance anode materials with high surface area and
abundant hierarchical pore structures.””>° As a class of MOFs,
zeolitic imidazolate frameworks (ZIFs) can be used as self-
templates for the preparation of metal oxide/nitrogen-doped
carbon comgposites due to the abundant carbon and nitrogen
species.’® ** However, the use of bimetallic ZIFs as precursors
to prepare TMC/carbon composites for both lithium and
sodium storage has not been reported so far.

Herein, we put forward a facile and efficient methode to
fabricate novel hierarchical Co;ZnC/carbon nanotube-inserted
N-doped carbon concave-polyhedrons (Co;ZnC/CNT-
NCCPs) by direct pyrolysis of bimetallic ZIFs. In the
hierarchical Co0;ZnC/CNT-NCCPs nanostructure, ultrafine
Co3;ZnC nanoparticles are evenly embedded in N-doped
carbon concave-polyhedrons (NCCPs) or located in the tips
of in situ formed CNTs that inserted in the NCCPs. The Co
species served as the catalyst for CNT growth on the surface of
carbon concave-polyhedrons. In this unique structure, the
conductive carbon matrix can effectively accommodate the
volume variation and restrict the aggregation of Co;ZnC during
cycling. The porous structure and interconnected CNT's are
very beneficial to the electrolyte diffusion and electron
transport. With the merits of the hierarchical structure, the
Co0;ZnC/CNT-NCCPs exhibit high specific capacities, ex-
cellent rate performances and long cycling stabilities as anode
materials for both lithium and sodium storage.

B RESULTS AND DISCUSSION

The synthesis process of Co;ZnC/CNT-NCCPs is shown in
Scheme 1. First, unique bimetallic ZIF/polyvinylpyrrolidone

Scheme 1. Schematic Illustration of the Synthesis of
Co3ZnC/CNT-NCCPs
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(PVP) polyhedrons were prepared through a facile room-
temperature coprecipitation reaction.”” Then, the ZIF/PVP
polyhedrons were heated to 600 °C under Ar/H, flow for 60
min and subsequently calcinated at 600 °C in Ar atmosphere
for 360 min to form Co;ZnC/CNT-NCCP hybrid structure. It
should be emphasized that pure Co;ZnC phase cannot be
formed at higher or lower than 600 °C.*” During the pyrolysis
process, the organic linkers (2-methylimidazole) of bimetallic

ZIFs and PVP molecules were converted to N-doped porous
carbon networks. The partial conversion of ZIFs to tiny Co
nanoparticles under a reductive atmosphere could catalyze the
formation of CNTs, which significantly improved the
conductivity of the resultant product. During the thermal
treatment process, the organic ligands of ZIFs and PVP
molecules provided carbon source for the formation of
Co;3ZnC, and also prevented the aggregation of the Co;ZnC
nanoparticles.

The morphological and structural features of Co;ZnC/CNT-
NCCPs were further characterized by SEM and TEM. A typical
SEM image of precursor ZnCo-ZIF/PVP polyhedrons is
presented in Figure SI, showing polyhedrons with uniform
size and smooth surface. Notably, the as-prepared Co;ZnC/
CNT-NCCPs after thermal treatments well inherited the
overall polyhedral morphology and size of bimetallic ZIF
precursor (Figure la). Nevertheless, the surface of Co;ZnC/
CNT-NCCPs underwent slight shrinkage and became concave,
indicating the presence of porous structure after the
carbonation process (Figure 1b). As observed in the magnified
SEM image (Figure 1c), the short CNTs were grown on the
rough surface of Co;ZnC/CNT-NCCPs, while many Co;ZnC
nanoparticles were encapsulated in the tips of CNTs. It is very
likely that Co species have served as the catalyst to grow CNTs
during the pyrolysis. The H, atmosphere plays a crucial role in
the growth of CNTs during the heat treatment. In this process,
Co*" ions were partially reduced to Co-based nanoparticles
with the assistance of H, flow, accompanied by the
simultaneous pyrolysis of imidazole ligands to N-doped carbon
species. It is known that the Co-based nanocatalysts can serve
as highly effective catalyst for the formation of CNTs in the
reductive atmosphere.””*’ In our case, Co based nanoparticles
further catalyzed the reconstruction of N-doped carbon species
to form N-doped CNTs on the surface of NCCPs. It can be
deduced that the in situ growth of CNTs follows the tip-growth
mechanism, since the Co-based catalyst nanoparticles are
embedded on the tip of CNTs (Figure 1c). The polyhedron
shells with interconnected CNTs can enlarge electrolyte/
electrode interfaces and facilitate electrochemical active
adsorption of lithium or sodium ions."" The TEM image of
an individual Co;ZnC/CNT-NCCP reveals that it possesses a
porous structure (Figure 1d), in which the Co;ZnC nano-
particles are encapsulated in the N-doped carbon concave-
polyhedrons and in the tips of CNTs (Figure le). The Co3ZnC
nanoparticles possess a size distribution between 2—16 nm and
an average diameter of ~8.6 nm (Figure S2). The high-
resolution TEM (HRTEM) result reveals that the d-spacing of
the inserted CNTs is about 0.36 nm, which is in accordance
with the (002) planes of graphitic carbon (Figure 1f). The
CNTs grown on the concave surface of Co;ZnC/CNT-NCCPs
could effectively improve the electron transport and ion
conductivity.

The crystalline nature of each sample was investigated by
powder X-ray diffraction (XRD). The XRD pattern of
precursor ZnCo-ZIF/PVP polyhedrons exhibited zeolite-type
structure with high crystallinity, as shown in Figure S1. Upon
carbonization, the resultant Co;ZnC/CNT-NCCPs show
typical interplanar spacings of (111), (200), and (220) facets
indexed to cubic Co;ZnC (JCPDS No. 29-0524) (Figure 2a).”’
Raman spectroscopy was performed to identify the structure of
carbon in the Co;ZnC/CNT-NCCPs (Figure S3a). As
expected, two prominent peaks around 1339 and 1589 cm™
were assigned to the D band and G band of carbon,
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Figure 1. (a—c) SEM, (d,e) TEM, and (f) HRTEM images of Co;ZnC/CNT-NCCPs.
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Figure 2. (a) XRD pattern, (b) high-resolution XPS spectrum of N 1s
region, (c) nitrogen adsorption—desorption isotherm, and (d) BJH
pore size distribution of Co;ZnC/CNT-NCCPs.

respectively. The band intensity ratio (Ip/Ig) is as high as 1.23,
showing structural distortion generated by the existence of N-
doping and defects.*” X-ray photoelectron spectrum (XPS) of
C03;ZnC/CNT-NCCPs demonstrated the presence of Co, Zn,
C, and N species (Figure S3b). The high-revolution N 1s peak
can be deconvolved into three types of nitrogen species,
including pyridinic nitrogen (3.9 at. %) at 398.5 eV, pyrrolic
nitrogen (2.8 at. %) at 399.3 eV and graphitic nitrogen (1.5 at.
%) at 401.3 eV. In the XPS spectrum of Co 2p region (Figure
S3c), two prominent peaks at binding energy of 781.1 €V for
Co2p;/, and 796.2 eV for Co 2p,,, were observed, respectively.
The high-resolution C 1s peak also reveals the existence of C—
C bond at 284.5 eV, C=N bond at 285.5 eV and C—N bond at
287.3 eV (Figure S3d). On the basis of energy-dispersive X-ray
spectroscopy (EDX), the elemental contents by weight in
C0,ZnC/CNT-NCCPs were determined to be 46.3 wt % Co,
17.5 wt % Zn, 8.6 wt % N, and 27.6 wt % C (Figure S4). The
atomic ratio of Co and Zn was found to be 2.93:1, consistent
with the stoichiometric ratio of Co;ZnC phase. The porosity of
Co03ZnC/CNT-NCCPs was further measured by the nitrogen
absorption—desorption isotherms. As shown in Figure 2c, the
isotherm exhibits a type IV behavior with a hysteresis loop
between P/P, = 0.45 to 1, implying the existence of
mesoporous structure. The Brunauer—Emmett—Teller (BET)

surface area calculated from the isotherms is 87 cm?/g, and the
pore size is about 3.6 nm based on Barrett—Joyner—Halenda
(BJH) method (Figure 2c,d). The existence of hierarchical
porous structure in the Co;ZnC/CNT-NCCPs could promote
the diffusion and adsorption of Li* and Na* ions.

Owing to the unique hierarchical architecture composed of
CNT-wrapped N-doped carbon networks with confined
Co3ZnC nanoparticles, the as-prepared product was expected
to be useful in LIBs and SIBs. First, enriched N-containing
species (such as pyrrolic N and pyridinic N) and evenly
dispersed Co;ZnC nanoparticles can provide plenty of
electrochemical active sites for enhanced lithium and sodium
storage.”’ Second, the hierarchical porous structure can
facilitate the diffusion and mass transfer of electrolyte, as well
as alleviate the volume expansion during cycling. Besides, the
N-doped carbon matrix and CNTs in the Co;ZnC/CNT-
NCCPs can also enhance the electronic conductivity, which is
beneficial to the rate performance.

The electrochemical performance of as-prepared Co;ZnC/
CNT-NCCPs for lithium storage was investigated. Figure 3a
shows the cyclic voltammetry (CV) curves in terms of lithium
storage for the first three cycles in the potential window of
0.01-3.0 V with a sweep rate of 0.1 mV/s. The cathodic peak
around 0.66 V appeared in the first cycle, which was ascribed to
the decomposition of electrolyte and the formation of SEI
film.*** Figure 3b displays the charge/discharge voltage
profiles of the Co;ZnC/CNT-NCCPs at the first three cycles
in a potential window of 0.01—3.0 V (vs Li/Li*) at a current
density of 0.5 A/g. The initial discharge and charge capacities of
~1100 and ~800 mA h/g are calculated based on the total
weight of Co;ZnC/CNT-NCCPs, respectively. The initial
irreversible capacity loss of ~27% were observed, which was
mainly resulted from the formation of SEI layer and reductive
decomposition of the electrolyte. The reversible capacity
reached up to 805 mA h/g in the second cycle and stabilized
at 770 mA h/g in the 10th cycle, and the Coulombic efficiencies
were as high as 89% and 96%, respectively. This result further
demonstrates the good reversible Li" insertion/extraction
property of the anode. Figure 3c shows the cycling performance
of the Co;ZnC/CNT-NCCPs at a current density of 0.5 A/g.
The Co;ZnC/CNT-NCCP based anode shows superior cycling
performance with a discharge capacity of 754 mA h/g after 200
cycles.
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Figure 3. Electrochemical performance of Co;ZnC/CNT-NCCP based anode for lithium storage. (a) Cyclic voltammetry curves at a scan rate of 0.1
mV/s in the voltage range of 0.01-3.0 V. (b) Galvanostatic charge/discharge profiles of Co;ZnC/CNT-NCCPs tested at a current density of 0.5 A/
g. (c) Cycle performance of Co;ZnC/CNT-NCCPs at 0.5 A/g, and (d) rate performance of Co;ZnC/CNT-NCCPs measured at various rates from
0.5 to 5.0 A/g. (e) Long-term cycling stability of Co;ZnC/CNT-NCCP based anode at a current density of 2.0 A/g.

Meanwhile, it is worthwhile to emphasize that Co;ZnC/
CNT-NCCPs exhibit high rate capability and durable cycle life.
The rate capability of Co;ZnC/CNT-NCCPs was investigated
by testing charge/discharge current density from 0.5 to 5.0 A/g,
as shown in Figure 3d. Remarkably, the Co;ZnC/CNT-NCCPs
show superior rate performance with average discharge
capacities of 810, 708, 585, and 510 mA h/g at current
densities of 0.5, 1.0, 2.0, and 3.0 A/g, respectively. Even at the
high current density of 5.0 A/g, Co;ZnC/CNT-NCCP based
electrode could still deliver a capacity of 408 mA h/g. After
high-rate charge/discharge cycling at 5.0 A/g, the specific
capacity can still recover to 780 mA h/g at 0.5 A/g, with the
capacity retention of 98% and Coulombic efficiency of 99%.
Moreover, the electrode exhibits long-term cycling stability at
high current density (Figure 3e). The Co;ZnC/CNT-NCCP
based anode can exhibit a reversible capacity as high as 585 mA
h/g after 1500 discharge/charge cycles at 2.0 A/g, showing a
high capacity retention with Coulombic efficiency of ~99%.
This result indicates the excellent rate performance and long-
term cycling stability of Co;ZnC/CNT-NCCP based electrode
in term of LIBs. The outstanding performances can be assigned
to the unique hierarchical structure with nanosized Co;ZnC
nanoparticles and CNTs inserted in the mesoporous nitrogen-
doped carbon polyhedrons, which can promote the ion
diffusion and reduce the absolute stress/strain during cycling.
The superior high-rate capability and cycling performance of
Co03ZnC/CNT-NCCP are summarized in Table S1. To
evaluate the energy density for practical applications, the areal

26837

loading of Co3ZnC/CNT-NCCPs was further increased to 3.5
mg/ cm?. Figure S5 shows the cycling performance of Co;ZnC/
CNT-NCCP based electrode at 0.5 A/g. The electrode
exhibited an initial discharge capacity of 1019 mA h/g and
retained a stable capacity of 704 mA h/g even after 100 cycles,
corresponding to an areal capacity of 2.46 mAh/cm™

To date, very few TMC nanostructures have been reported
as anode materials for sodium storage. In this study, we found
that Co;ZnC/CNT-NCCP based anode could exhibit excellent
electrochemical performances in SIBs. The galvanostatic
discharge/charge process of Co;ZnC/CNT-NCCP based
anode in NaClO,/propylene carbonate (PC) electrolyte at
the first, second and 50th cycles was measured in the potential
window of 0.01—3.0 V (vs Na/Na*) at a current density of 0.2
A/g as shown in Figure 4a. The initial discharge and charge
capacities of Co;ZnC/CNT-NCCPs were 756 and 506 mA h/
g respectively, corresponding to Coulombic efficiency of
~67%. In the subsequent second cycle, the capacity reached
as high as 495 mA h/g and maintained at 485 mA h/g in the
50th cycle, implying the high reversibility of Co;ZnC/CNT-
NCCP based anode. Notably, the high Coulombic efficiency
suggests that the CNT-inserted N-doped carbon concave-
polyhedrons can effectively mitigate the adverse reactions with
electrolyte solution.

The cycling performance of Co;ZnC/CNT-NCCPs during
Na" insertion/extraction process was evaluated at a current
density of 0.2 A/g for 200 cycles. As shown in Figure 4b, a
discharge capacity of ~500 mA h/g was stably maintained after
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Figure 4. Electrochemical performance of Co;ZnC/CNT-NCCP based anode for sodium storage. (a) Typical charge/discharge profiles of Co;ZnC/
CNT-NCCPs at 0.2 A/g. (b) Cycling performance of Co;ZnC/CNT-NCCPs at 0.2 A/g. (c) Representative charge/discharge profiles of Co;ZnC/
CNT-NCCPs at different current rates. (d) Rate capabilities of Co;ZnC/CNT-NCCPs measured at various current densities from 0.2 to 2.0 A/g.
(e) Long-term cycling stability of Co;ZnC/CNT-NCCP based anode at a current density of 1.0 A/g.

the second cycle. The Co;ZnC/CNT-NCCP based electrode
still retained more than 98% of the second cycle capacity (504
mA h/g) after 200 discharge/charge cycles. The discharge/
charge curves of Co;ZnC/CNT-NCCPs at various current
rates are depicted in Figure 4¢, and the electrode also exhibits
superior rate capabilities for sodium storage (Figure 4d). It is
noted that almost no plateau is observed in the discharge curves
for SIBs, which indicates that the sodium storage is not based
on conversion reaction mechanism. When the current density
increased from 0.2 to 0.5, 1.0, 1.5, and 2.0 A/g, the reversible
capacities decreased from 500 to 448, 415, 339, and 255 mA h/
g, respectively. The discharge capacity can be recovered to 512
mA h/g upon the reduction of current rate to 0.2 A/g. As
expected, these results clearly reveal that the integrated
structure of Co;ZnC/CNT-NCCPs can facilitate the fast and
stable sodium storage, and improve the electrochemical
performances. To evaluate the long-term cycling performance
of Co;ZnC/CNT-NCCPs, the electrode was cycled at a high
current density of 1.0 A/g over 750 cycles (Figure 4e). The
discharge capacity of 404 mAh/g in the second cycle is used as
a control. The electrodes deliver a discharge capacity as high as
398 mA h/g after 500 cycles with a capacity retention of about
98%. Moreover, a specific capacity of 386 mA h/g was retained
even after 750 cycles, and the capacity retention was nearly
95.5% compared to the discharge capacity of the second cycle.
These results also confirmed the hierarchical nanostructure
with Co3ZnC nanoparticles embedded in CNT-inserted N-
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doped carbon concave-polyhedrons contributed to the superior
cycling stability and rate performance.

To understand the remarkable kinetic properties of
Co03;ZnC/CNT-NCCP based electrode for lithium and sodium
storage, electrochemical impedance spectra (EIS) were
measured before and after 100 charge/discharge cycles,
respectively. As shown in Figure S6, the depressed semicircles
are related to the charge-transfer resistance at the electrode/
electrolyte interfaces. Clearly, both two Nyquist plots show that
the charge transfer resistances after 100 cycles were smaller
than those before cycling, which can be attributed to the further
wetting and infiltration of electrolyte in the pores of Co3ZnC/
CNT-NCCPs.

The TEM images of Co;ZnC/CNT-NCCPs upon discharg-
ing and charging are shown in Figure S7. In both fully
discharged or charged states, the electrode material still
maintained the original concave-polyhedral morphology with-
out structural collapse or aggregation of Co;ZnC nanoparticles.
To understand the sodium storage mechanism, the crystalline
phase of Co0;ZnC/CNT-NCCPs at fully discharged and
charged states were investigated. The HRTEM image after
discharged to 0.01 V (Figure S7c) shows a lattice fringe with d-
spacing of 0.26 nm, consistent well with the (110) planes of
cubic Co;ZnC; When being charged to 3.0 V (Figure S7d), no
noticeable change of the lattice fringe is observed. This result
demonstrates that the sodium storage mechanism in Co;ZnC/
CNT-NCCPs is mainly determined by sodium adsorption
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model. The prominent electrochemical performance of
hierarchical Co;ZnC/CNT-NCCPs can be ascribed to the
unique structural and compositional features: (1) The ultrafine
Co3ZnC nanoparticles and hierarchical pores can serve as
efficient reservoirs for storing Li*/Na*. (2) The 3D porous
carbon matrix can effectively provide smooth pathways for
electron transport, accommodate the volume change and
prevent the aggregation of Co;ZnC nanoparticles during
cycling. (3) The nitrogen-containing species (pyrrolic and
pyridinic nitrogen) can introduce more active sites for
adsorbing extra Li* or Na" and contribute to high lithium-
and sodium-storage capacities. (4) The combination of highly
conductive CNTs and N-doped carbon matrix not only shorten
diffusion distance of Li*/Na® ions but also enhance the
electronic conductivity thus improving the rate capabilities.

Bl CONCLUSION

In conclusion, we have developed an efficient ZIF-templated
approach to prepare hierarchical Co;ZnC/CNT-NCCPs, in
which ultrafine Co;ZnC nanoparticles are homogeneously
embedded in N-doped carbon polyhedrons or encapsulated in
the tips of CNTs grown on the surface of concave-polyhedrons.
Such unique composite exhibited excellent lithium- and
sodium-storage performance in terms of high capacities,
excellent rate capabilities and long-term cycling performance.
For lithiation, the electrode exhibited a reversible capacity of
585 mA h/g over 1500 cycles at 2.0 A/g and high rate capability
of 408 mA h/g at 5.0 A/g. During sodiation/desodiation
process, the as-prepared electrode exhibited a stable desodia-
tion capacity of 386 mA h/g after 750 cycles at 1.0 A/g, and a
discharge capacity of 255 mA h/g even at 2.0 A/g. We expect
this synthesis strategy can be used for the future development
of high-performance LIBs and SIBs.

B EXPERIMENTAL SECTION

Synthesis of ZnCo-ZIF/PVP Polyhedrons. ZnCo-ZIF/PVP
polyhedrons were synthesized through a simple room-temperature
precipitation method. In a typical synthesis, 2-methykimidazole (0.98
g) and PVP (2.0 g) were added in 10 mL of methanol under magnetic
stirring. Co(NOs;),-6H,0 (0.873 g) and Zn(NO;),-6H,0 (0.297 g)
were dissolved in 30 mL of methanol under stirring. Then, the above
two solutions were mixed under continuous stirring for 10 min, and
then aged at room temperature for 24 h. The purple powder was
obtained through centrifugation, rinsing with ethanol for several times,
and vacuum drying at 80 °C overnight.

Synthesis of C03;ZnC/CNT-NCCPs. The precursor ZnCo-ZIF/
PVP polyhedrons were placed in a ceramic boat, and then heated in a
tube furnace at a ramp rate of 2 °C/min to 600 °C under Ar/H, flow
(95%/5% in volume ratio) for 1 h, and then further annealed at 600
°C in argon flow for 6 h. After cooling naturally, the black product was
finally collected.

Characterizations. The morphology and structures of samples
were characterized by scanning electron microscopy (SEM, HITACH
$-4800, S kV) and transmission electron microscopy (TEM, JEM-
2100, 200 kV). Elemental analysis was performed using energy-
dispersive X-ray spectroscopy (EDX) equipped in the SEM. Nitrogen
sorption isotherms were measured through Brunauer—Emmett—Teller
(BET) analysis on a Quantachrome Autosorb-IQ-2C-TCD-VP
analyzer at liquid-nitrogen temperature. Before the BET analysis, the
samples were degassed under vacuum at 200 °C for 6 h. Powder X-ray
powder diffraction (XRD) spectra were collected using a Shimadzu
XRD-6000 diffractometer equipped with a rotating anode and a Cu Kar
radiation source (4 = 1.54178 A). Raman spectra were collected using
a Horiba JY Evolution Raman spectrometer with an excitation laser of
532 nm wavelength. X-ray photoelectron spectra (XPS) were collected

with a PHI-5000 VersaProbe X-ray photoelectron spectrometer with
an Al Ka X-ray radiation.

Electrochemical Measurements. The working electrodes were
fabricated with the active materials, conductive Kejten black, and
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidinone (NMP)
solvent with a weight ratio of 85:5:10. The as-obtained slurry was then
smeared on a copper foil and vacuum-dried at 100 °C for 12 h in
vacuum. The area mass loading of active materials ranged from 0.8 and
1.5 mg/cm? The cells were assembled in an argon-filled glovebox with
levels of moisture and oxygen less than 1 ppm. For the fabrication of
LIBs, CR 2032 coin-type cells were assembled with lithium foils as
counter electrodes, Celgard 2400 membranes as separators, and 1.0 M
LiPF4 in a cosolvent of ethylene carbonate and dimethyl carbonate
(1:1 by volume) as electrolyte. The fabrication of SIBs is similar to that
of LIBs, but sodium foils were used as counter electrodes and a
solution of 1.0 M NaClO, in propylene carbonate (PC) with S wt %
fluoroethylene carbonate (FEC) was used as electrolyte. The
galvanostatic charge—discharge performances were measured on a
LAND CT2001A multichannel battery test system between 0.01—3.0
V at room temperature. The specific capacity is calculated based on the
total mass of active materials. The cyclic voltammetry (CV) tests were
carried out on a Chenhua CHI-760 electrochemical workstation.
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