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To alleviate the capacity degradation of conventional anode materials caused by serious volume expansion
and particle aggregation for lithium-ion batteries (LIBs), considerable attention has been devoted to the
rational design and synthesis of novel anode architectures. Herein, we report an effective fabrication
strategy to implant well-distributed carbide nanoparticles into spherical porous carbon frameworks to
form pitaya-like microspheres. Benefiting from their unique components and architecture features, the
as-synthesized pitaya-like microspheres can effectively buffer the volume change and prevent
aggregation of CosZnC nanoparticles during the charge/discharge processes of LIBs. The porous carbon

framework provides an unhindered pathway for electron transport and Li* diffusion and restricts the thin
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deliver a high capacity of 608 mA h gt at 100 mA g™ after 300 charge/discharge cycles and ultrahigh

DOI: 10.1035/c6ta06692e cyclic stability and rate performance with a capacity of 423 mA h g~ even after 1150 consecutive cycles
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Introduction

The ever increasing energy demand and environmental crisis call
for efficient, clean, and sustainable sources of energy, and also
advanced technologies associated with energy conversion and
storage.'”* With the merits of relatively high power/energy density
and conversion efficiency, long lifespan, and environmental
benignity, lithium-ion batteries (LIBs) have attracted worldwide
attention, and have been successfully adopted as the energy
sources for a wide range of portable electronic devices, electric
vehicles and hybrid electric vehicles.*'® However, conventional
anode materials for LIBs usually suffer from volume expansion
during charge/discharge processes and/or inferior rate capa-
bility,"*> which remain the major challenges for use in practical
applications. In this regard, considerable efforts are urgently
needed to the design and fabrication of attractive anode mate-
rials which can store and deliver energy more efficiently to
improve the electrochemical performance of LIBs."***

Metal carbides are emerging as promising electrode mate-
rials for electrochemical storage devices including LIBs,
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supercapacitors and fuel cells due to their good electrical
conductivity, high theoretical capacity and excellent
stability.”>'® In terms of energy storage, Gogotsi et al. demon-
strated that the two-dimensional layered carbides (MXenes),
such as Nb,C," TiC,"*** V,C,* and Cr,C** etc., could be applied
as anode materials for LIBs, and the Li* storage mechanism was
found to be Li" intercalation and de-intercalation between the
layers. Further theoretical calculations on two-dimensional
layered metal carbides reported by Zhou et al. were consistent
with the above results.”” Moreover, Gogotsi and his co-workers
also proved the promising application of layered carbides as
supercapacitor electrode materials.”® Although great progress
has been achieved for the layered carbides in energy storage,
non-layered carbides have also caught increasing attention due
to their merits of relatively facile synthesis strategy, high surface
area, good electrical conductivity, short ion diffusion paths and
so on.**?¢ It is highly worthwhile to explore the possibility of
non-layered metal carbide materials different from MXenes for
effective energy storage, and these studies may pave the way for
the further application of diverse metal carbides.

Active materials in the form of nanoscale particles usually
exhibit high electrochemical reaction activity and a relatively
high specific surface area. The high surface area of anode
materials can obviously increase the interaction with the elec-
trolyte, which is of significant importance for LIBs. However,
nanostructured electrode materials usually suffer from vulner-
ability to oxidation and/or aggregation, thus severely suppress-
ing their practical applications.*”** To circumvent these
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obstacles, combining nanoscale active materials with a carbon
matrix has been proved to be an effective strategy, which can
obviously alleviate the oxidation and aggregation of bare
nanoparticles.”>* As a result, the anodes can exhibit high
discharge capacity and ultralong cyclic life.**** In this respect,
the design and construction of metal carbide particles con-
taining a carbon matrix would be a promising way for devel-
oping innovative electrode materials based on non-layered
metal carbides with improved energy storage performance.

Herein, we demonstrate that pitaya-like microspheres
(C03ZnC/C) can be applied as ultralong-life anode materials in
LIBs. A Prussian blue analogue (PBA) was selected as the
precursor to provide two metal elements simultaneously, thus
forming nanocomposites of bimetallic carbide and a carbon
framework with unique components and architecture. In
particular, by selecting appropriate PBA precursors, it is very
convenient to obtain various bimetallic carbides or even multi-
metallic carbides with a homogeneous structure and highly
diverse compositions, which then provide a unique opportunity
to develop a new class of highly tunable functional materials.
Moreover, among numerous bimetallic carbides, the CozZnC
material possesses good thermal stability and resistance against
oxidation, relatively high electrical conductivity, and low cost.
The three-dimensional (3D) porous and spherical carbon
frameworks can buffer the volume change, prevent aggregation
of carbide nanoparticles, and provide smooth pathways for
electron transport and Li* diffusion during charge/discharge
processes. As a consequence, the pitaya-like microspheres
exhibit great electrochemical performance with ultrahigh
cycling stability for LIBs.

Experimental
Chemicals and synthesis

All chemicals in this work are of analytical purity and used
without further purification. The microsphere was synthesized
according to our previous report with slight modifications.?”
Typically, 1.2 mmol of zinc acetate (Zn(NO3),-6H,0) and 11.12 g
of polyvinylpyrrolidone (PVP) were thoroughly dissolved in
40 mL of deionized water. Subsequently, 10 mL of 0.10 M
K;[Co(CN)s] aqueous solution was added into the above solu-
tion gradually under stirring and sonicated in a N, atmosphere
at 45 °C. After that, the mixture was aged at 45 °C for 6 h without
any disturbance. To get the final product, the as-obtained
precipitate was first annealed at 300 °C for 1.0 h, and then at
600 °C for 2.0 h in a N, atmosphere with a ramping rate of
2.0 °C min~". Similarly, bare Co;ZnC nanoparticles were
prepared in the same way described above but without the
introduction of PVP.

Instrumentation and characterization

The morphology, size and structure of the products were
examined by field-emission scanning electron microscopy
(FESEM, ]JSM-6480) and transmission electron microscopy
(TEM, JEM-2100). Elemental analysis was performed using an
energy-filtered TEM and an energy-dispersive X-ray
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spectroscope (EDX) attached to the FESEM. The crystallinity of
the as-synthesized samples was characterized by powder X-ray
diffraction (XRD) on a Bruker D-8 Advance diffractometer using
Cu Ko, (A = 1.5406 A) radiation at a scanning rate of 6° min .
Raman spectra were collected with a Horiba JY H800 Raman
spectrometer using a 532 nm laser source. Thermogravimetric
analysis (TGA) was conducted with an integrated thermal
analyzer (NETZSCH STA449C) at a heating rate of 10 °C min ™"
under air. Nitrogen adsorption-desorption isotherms were ob-
tained through Brunauer-Emmett-Teller (BET) analysis at 77 K
on a Micromeritics ASAP2020 instrument. X-ray photoelectron
spectra (XPS) were recorded on a PHI-5000 VersaProbe X-ray
photoelectron spectrometer using Al Ko X-ray radiation.

Electrochemical measurements

The working electrode consisted of the active material (pitaya-
like microspheres or bare Co;ZnC nanoparticles), carbon black,
and binder (polyvinylidene difluoride, PVDF) in N-methy-pyr-
rolidinone (NMP) solvent with a weight ratio of 80 : 10 : 10. The
loading mass of the active material was ca. 1.0-2.0 mg. The
slurry was pasted onto a copper foil, and then dried at 110 °C
overnight under vacuum. The electrochemical tests were carried
out using CR2032 cells with lithium foil as the counter electrode
at room temperature. The batteries were assembled in a glove-
box filled with argon gas. The electrolyte is 1.0 M LiPFy in
a mixture of ethylene carbonate and diethyl carbonate (1: 1 in
volume ratio). The electrochemical properties of LIBs were
tested on a LAND battery test system (Wuhan LAND Electronics,
China) within the voltage range of 0.01 to 3.0 V vs. Li/Li". Cyclic
voltammetry (CV, 0.2 mV s ') and galvanostatic charge/
discharge measurements were performed to investigate the
electrochemical performance of pitaya-like microspheres. The
reversible specific capacity of the anode was calculated based on
the total loading weight of the active material.

Results and discussion
Formation of pitaya-like microspheres

In this work, we report the fabrication of pitaya-like micro-
sphere nanoparticles embedded in spherical carbon frame-
works by the controlled solution-phase synthesis of PBA
precursor microspheres and the following moderate thermal
annealing treatment. The synthesis process of the pitaya-like
microspheres is presented in Fig. 1a. Firstly, Zn(NO3),, PVP, and
K3[Co(CN)s] were used as the starting materials, and when the
two solutions of Zn(NOj;),/PVP and K;[Co(CN)s] were mixed
together under ultrasonication, white nanoparticles were
formed. After the mixture was aged, the nanoparticles aggre-
gated together to form uniform microspheres. The XRD spec-
trum (Fig. S1f) confirmed that the as-formed precursor
microspheres were composed of a PBA compound Zn;-
[Co(CN)g],-nH,0. The PVP in the synthesis procedure acted as
the capping agent for the formation of PBA precursor micro-
spheres and greatly affected the morphology of the PBA
precursor. With the decreasing amount of added PVP, the PBA
precursor displayed a different structure, as illustrated in
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Fig. 1 Synthesis and morphology characterization of pitaya-like
microspheres. (a) Schematic illustration of the formation process of
pitaya-like microspheres. (b) FESEM image of Zn3[Co(CN)el,-nH,O/
PVP precursor microspheres. (c) FESEM, (d—f) TEM, (g) high-resolution
TEM and (h) SAED images of the as-synthesized pitaya-like micro-
spheres, respectively. The rough edges of carbon outer-shells in (d)
and (e) are marked by red arrows. The lattice distance in (g) is
measured to be 0.26 nm, corresponding to the (110) planes of the
cubic phase CozZnC. (i) Energy-filtered TEM image of a pitaya-like
microsphere and (j) the C, Co, Zn and N elemental mapping collected
in the same rectangle area of (i), respectively.

Fig. S2.7 To obtain the final product, the precursor micro-
spheres were first annealed at 300 °C, and then at 600 °Cin a N,
atmosphere. This process promoted the gradual formation of
CozZnC and finally achieved the conversion of the PBA
precursor into the ideal structure of pitaya-like microspheres.

Characterization of pitaya-like microspheres

The morphological and structural features of the PBA precursor
microspheres and the pitaya-like microspheres were first char-
acterized by field-emission scanning electron microscopy
(FESEM) and transition electron microscopy (TEM). As shown in
Fig. 1b, the PBA precursor obtained after aging clearly consists
of uniform microspheres with a relatively smooth surface and
a narrow diameter distribution range of 1.6-2.0 um. Further
TEM characterization (Fig. S31) reveals the homogenous solid
characteristics of PBA precursor microspheres. After the
thermal treatment, the PBA precursor was converted into
a bimetallic carbide/carbon composite with a highly porous
structure and well-preserved morphology as monodispersed
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microspheres (Fig. 1c). The resultant pitaya-like microspheres
are with a smaller size because of the shrinkage in the thermal
annealing process. The interior fine structure of the as-prepared
microspheres was examined by TEM. From Fig. 1d, it can be
clearly seen that the microspheres are with a diameter of
~1.5 pm and possess discernible high-porosity. Besides, the
surface of the microspheres became rougher, indicating that
the microspheres were encapsulated by carbon outer-shells with
plenty of nanopores, which is favorable for the penetration and
migration of the electrolyte ions. Fig. 1e and f show TEM images
with higher magnifications, the rough edges of carbon shells
can be seen clearly, as marked by red arrows. In the product
microspheres, nanoparticles with a size range of 10-15 nm were
distributed uniformly inside the carbon frameworks, while no
nanoparticles aggregated together. This special architecture can
greatly reduce the volume expansion during the charge/
discharge process and prevent the aggregation of the active
material without hindering electron transport and Li" diffusion,
thus resulting in enhanced electrochemical performance.’®**
The high-resolution TEM characterization of the encapsulated
nanoparticles (Fig. 1g) revealed a lattice distance of 0.26 nm,
corresponding to the (110) planes of the cubic phase Cos;ZnC.
The selected-area electron diffraction (SAED) pattern of pitaya-
like microspheres (Fig. 1h) demonstrates the polycrystalline
nature of the sample. To investigate the elemental distribution
in the microspheres, elemental mapping of a selected area (the
rectangle area in Fig. 1i) is provided by energy-filtered TEM in
Fig. 1j. The result suggests the existence of C, Co, Zn and N
elements, and further indicates the good distribution of these
elements. The energy-dispersive X-ray spectroscopy (EDX) result
(Fig. S47T) shows the presence of C, Co, Zn, and N, agreeing well
with the elemental mapping of energy-filtered TEM. The N
content in the pitaya-like microspheres estimated by EDX was
roughly 5%, which was mainly derived from the nitrile groups
(-C=N) in the PBA precursor.

The high crystallinity of the pitaya-like microspheres was
further confirmed by the XRD spectrum, as shown in Fig. 2a. All
the diffraction peaks can be well assigned to the cubic CozZnC
phase (JCPDS card no. 29-0524, space group: Pm3m, a = 3.730,
b = 3.730, and ¢ = 3.730). Raman spectroscopy was employed to
identify the characteristics of carbon frameworks in the pitaya-
like microspheres. As shown in Fig. 2b, two Raman peaks are
observed in the range of 1000 to 2000 cm ™. The Raman peak at
~1350 cm ™! can be ascribed to the D band, while the Raman
peak at ~1590 cm ™! is attributed to the G band. This further
proves the existence of elemental carbon in the final product.*
The intensity ratio of the D band to G band (Ip/Ig) approaches
~1.06, implying partial graphitization.”* Thermogravimetric
analysis (TGA) was conducted under air atmosphere to evaluate
the content of carbon in the final product. As shown in Fig. S5,
the weight loss was 5.9% when the temperature increased from
room temperature to 250 °C, and then reached 37.8% when the
temperature further increased to 600 °C. Thus, it can be
concluded that the carbon content in the final product is ca.
31.9%. Interestingly, when the temperature increased to about
800 °C, the weight loss became 31.6%, this could be attributed
to the oxidation of Co;ZnC nanoparticles in air. To identify the
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Fig. 2 Composition characterization of pitaya-like microspheres. (a)
XRD spectrum, (b) Raman spectrum, (c) N, adsorption—desorption
isotherm, and (d) pore size distribution of pitaya-like microspheres,
respectively.

high-porosity characteristic of the microspheres, we investi-
gated the specific surface area of the multicore microspheres by
measuring N, adsorption-desorption isotherms. It can be seen
from Fig. 2c that the pitaya-like microsphere possesses
a specific surface area as high as 175.4 m”> g, and exhibits
a mesoporous structure with an average pore diameter of ~7.4
nm (Fig. 2d). It is known that the porous structure is beneficial
for the electrochemical properties, especially for the electro-
chemical process which highly depends on the penetration and
migration of electrolyte ions.*>**

For comparison, bare CozZnC nanoparticles were also
prepared without the introduction of PVP in the synthesis
process. As shown in Fig. S6a,T the FESEM image revealed that
the control sample of the Zn;[Co(CN)s],-nH,O precursor
without PVP is composed of small particles with irregular
structures. After annealing, the PBA precursor converted into
bare Cos;ZnC particles (Fig. S6bf), and the following TEM
characterization (Fig. Séct) revealed a size range of 10-15 nm,
which is consistent with that of the encapsulated Co;ZnC
particles in pitaya-like microspheres. The EDX spectrum
(Fig. S6d+t) together with the corresponding elemental mapping
(Fig. S6e-ht) demonstrates the co-existence of C, Co, and Zn
elements, and furthermore reflects the homogeneous distribu-
tion of these elements in the product. The XRD characterization
(Fig. S77) confirmed the successful preparation of bare Co;ZnC
nanoparticles. Thus, the main structure difference is that no
carbon framework is covered on the surface of bare Co;ZnC
nanoparticles, indicating that the introduction of PVP is a key
factor for the formation of pitaya-like microspheres. In addi-
tion, the TGA result of bare Co;ZnC presented in Fig. S87 also
suggested the high thermal stability of Co;ZnC at 600 °C, and
further confirmed that the carbon content in pitaya-like
microspheres was correctly calculated. The N, adsorption-
desorption isotherm of bare CozZnC nanoparticles was also
provided (Fig. S9t), showing a specific surface area of
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~87.5 cm® g, which is much smaller than that of pitaya-like
microspheres.

Electrochemical performance of pitaya-like microspheres

Considering the unique architecture and compositions, the
resultant pitaya-like microspheres were expected to have great
potential in energy storage. To compare the electrochemical
performance of pitaya-like microspheres with those of reported
carbon-based anode materials, the loading mass of the active
material was set at 1.0-2.0 mg. We then employed both cyclic
voltammetry (CV) and galvanostatic charge/discharge
measurements to investigate the lithium storage performance
of pitaya-like microspheres as anode materials for LIBs. The
typical CV curves of pitaya-like microspheres are presented in
Fig. 510, a broad peak at around 0.78 V was observed during
the first lithiation cycle, and then disappeared in the subse-
quent cycles. This irreversible peak may result from the
formation of solid-electrolyte interphase (SEI) films. Moreover,
no obvious lithiation or delithiation peaks were observed from
the CV curves, this is in good agreement with that of MXene
Nb,CT,/CNT in the literature.'” The CV curves of the bare
Co3ZnC nanoparticle electrode (Fig. S11t) displayed similar
characteristics to those of pitaya-like microspheres. Further ex
situ XRD characterization (Fig. S121) of pitaya-like microspheres
at different charge/discharge states evidences no obvious vari-
ation in diffraction peaks, suggesting that the pitaya-like
microsphere material may not follow the conventional conver-
sion reaction mechanism. According to the previously reported
studies,* ¢ Li* can adsorb on the surface of nanoparticles, the
pores and 3D conductive carbon frameworks can also serve as
reservoirs for the storage of Li", all these factors contribute to
such an excellent Li' storage performance of pitaya-like
microspheres.

Fig. 3a shows the typical charge/discharge profiles of pitaya-
like microspheres as the anode material at the first, second,
100™ and 300™ cycle with a current density of 100 mA g~ * in
a potential window of 0.01-3.0 V (vs. Li/Li*). In the discharge
profiles, almost no plateaus could be observed, this is consis-
tent with the above CV results. Notably, the pitaya-like micro-
sphere anode delivers high initial charge and discharge
capacities of 607 and 908 mA h g™, respectively. The irrevers-
ible capacity and relatively low coulombic efficiency for the first
cycle are mainly attributed to irreversible side reactions on the
surface of the anode such as the incomplete decomposition of
the as-formed SEI film.*** In the subsequent cycles, the
reversible capacity is 586 mA h g~ ' in the second cycle, and can
maintain a high capacity of 481 and 608 mA h g~* in the 100™
and 300™ cycle, respectively. The cycling performance of the
pitaya-like microsphere anode at a current density of
100 mA g~ " was investigated, as shown in Fig. 3b. From the first
cycle onward, the discharge capacity of the pitaya-like micro-
sphere anode decreased to 381 mA h g~* at the 44" cycle, then
increased to 578 mA h g ! at the 200" cycle, and later delivered
a capacity of 608 mA h g~ at the 300 cycle, corresponding to
67.0% retention of the initial discharge capacity. The decrement
of discharge capacity at the initial cycles can be attributed to the

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Electrochemical performance of pitaya-like microspheres. (a)
Charge/discharge profiles of pitaya-like microspheres as anode
materials of LIBs at 100 mA g™, (b) Cycling performance comparison
of pitaya-like microspheres and bare CosZnC nanoparticles, and the
corresponding coulombic efficiency of pitaya-like microspheres at
100 mA g7t (c) Rate performance of pitaya-like microspheres at
various current densities ranging from 100 to 1000 mA g~2. (d) Nyquist
plots of pitaya-like microspheres and bare CosZnC nanoparticles at
the initial cycle and after long-term cycling tests. (e) Cycling perfor-
mance and the corresponding coulombic efficiency of pitaya-like
microspheres at 1000 mA g,

formation of a polymeric gel-like SEI layer resulting from elec-
trolyte degradation during the activation process, and the later
increase of discharge capacity can be ascribed to the dissolution
of the SEI film as well as the finish of the activation process.
This phenomenon can also be found in other electrode mate-
rials.***® In sharp contrast, the bare Co;ZnC nanoparticle anode
exhibits a similar initial charge/discharge profile compared to
that of pitaya-like microspheres (Fig. S13t), but with much
inferior cycling stability after only 100 cycles (257 mA h g~ " at
the 100™ cycle, as shown in Fig. 3b).

The rate capability of the pitaya-like microsphere anode was
evaluated at different current densities ranging from 100 to
1000 mA g~ . As shown in Fig. 3c, the specific capacities are ca.
569, 470, 412 and 377 mA h g~ ' at current densities of 100, 200,
500, and 1000 mA g~ *, respectively. When the current density is
restored to 100 mA g~ ', the discharge capacity resumes to
567 mA h g . The rate capability of pitaya-like microspheres
was also tested with different cells at various current densities,
as presented in Fig. S14.7 The discharge capacities of the pitaya-
like microsphere electrode at 200, 500, and 1000 mA g~ " after 50
cycles are 537, 448 and 402 mA h g, respectively. These values
are almost identical to those in Fig. 3c, further suggesting the
great rate capability of pitaya-like microspheres. The rate

This journal is © The Royal Society of Chemistry 2016
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performance of bare Co;ZnC nanoparticles was also provided
for comparison. As shown in Fig. S15,f when the current density
increased to 1000 A g, the bare Co,ZnC nanoparticle anode
delivered a low specific capacity of 64 mA h g~". This result
suggests that the pitaya-like microspheres exhibit much better
rate performance than bare Co;ZnC nanoparticles, which
should be attributed to the different architecture of these two
materials (see ESI S11 for more discussion). As another control
experiment, we have prepared bare carbon frameworks
(Fig. S16%) by completely removing the Co;ZnC nanoparticles in
pitaya-like microspheres through the etching of HF (5 wt%) and
HCI (1.0 M) successively. As detailed in the ESL it is confirmed
that the contribution of carbon frameworks to the overall
capacity of the pitaya-like microspheres is limited due to the
relatively small surface area (316.5 cm® g~ ', Fig. S177), small
pore volume (0.53 cm® g™, Fig. $171), relatively low specific
capacity (436 mA h g, Fig. S18at) and low mass content (~31.9
wt% according to the TGA result in Fig. S51). It indicates that
the Co;ZnC material provides the main contribution to lithium
storage, while the porous and 3D conductive carbon framework
can greatly enhance the long-term stability and cycling perfor-
mance of the Co;ZnC based anode.

In order to figure out the differences of internal electrical
resistance behind the discrepant lithium storage performance,
EIS measurements were conducted. Fig. 3d presents the Nyquist
plots of pitaya-like microspheres and bare Coz;ZnC nano-
particles before and after long-term cycling tests. It is shown
that all of the Nyquist plots exhibit the same shape, which
consists of a semicircle and an incline. The semicircle diameter
of the pitaya-like microspheres before long-term cycling is
much smaller than that of bare pitaya-like microspheres,
implying that the contact and charge-transfer impedance of the
pitaya-like microspheres anode is lower than that of bare
Co3ZnC nanoparticles. After the long-term stability test, the
contact and charge-transfer impedance of pitaya-like micro-
spheres decreased greatly, while the charge-transfer impedance
of bare Co;ZnC nanoparticles increased. These prove that the
pitaya-like microspheres have better electronic conductivity and
charge-transfer performance than the bare Co;ZnC nano-
particles before or after long-term cycling tests. This phenom-
enon can be attributed to the existence of a 3D porous and
conductive carbon matrix in pitaya-like microspheres, which
leads to the gradual activation process and the wetting of 3D
porous carbon frameworks with the electrolyte after long-term
cycling that can decrease the contact resistance and charge-
transfer impedance.*"*

To investigate the structural stability of pitaya-like micro-
spheres, the anode was evaluated by a long-term cycling test at
a high current density of 1000 mA g, as shown in Fig. 3e. The
initial discharge and charge capacity was 930 and 831 mAhg™*,
respectively. From the second cycle onward, the specific
capacity decreased and reached 417 mA h g~ * at the 80™ cycle.
Thereafter, the pitaya-like microsphere anode delivered a high
discharge capacity of 423 mA h g~ even after 1150 consecutive
cycles, indicating its exceptional cycling stability. It should be
noted that the pitaya-like microsphere electrode displayed
a minimum capacitance at 100 mA g * (381 mA h g in the 44™
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cycle) even smaller than that at 1000 mA g ' (417 mA h g ' in
the 80" cycle). This phenomenon is attributed to the slower
formation of the SEI layer at lower current density as well as the
slower activation process at lower current density, which also
can be observed from some other anode materials in the liter-
ature.”® These results suggest that the pitaya-like microsphere
anode can maintain extraordinary stability under high-rate
cycling, which is very beneficial to practical applications. In
addition, compared to the lithium storage performance of other
previously reported carbide materials, such as MXene Nb,CT,/
CNT (420 mA h g ' at 0.5C),"” Ti;C,Ty (~150 mA h g™ ' at
30 mA g 1),% Ti,C (160 mA h g ' at 0.1C)*® and Ti;C, (126 mA h
g ! at 1C),™ the pitaya-like microsphere anode demonstrated in
this work exhibited superior capacity, rate capability and long-
term stability (423 mA h g~ " at 1000 mA g~ * after 1150 cycles).
The morphology of pitaya-like microspheres after the long-term
cycling test was also investigated. As shown in Fig. S19a and b,{
the morphology and microstructure of pitaya-like microspheres
maintained well in terms of shape, size and structural integrity
after 1150 cycles at 1000 mA g '. In contrast, the FESEM
observation of bare Co;ZnC nanoparticles (Fig. S19c and df)
after 100 cycles at 100 mA g ' revealed the serious aggregation
leading to a poor electrochemical performance. It proves that
the encapsulation of Co;ZnC nanoparticles within a conductive
carbon framework can effectively prevent the degradation of
structural integrity and electrochemical performance after long-
term stability tests.

According to the XPS analysis of pitaya-like microspheres
(Fig. S207), the N content was measured to be 4.8 wt%. To
investigate the influence of N-doping on the lithium storage
performance, control experiments were carried out. After the
complete removal of Coz;ZnC nanoparticles in pitaya-like
microspheres, the XPS result demonstrated that the N content
in the resultant bare carbon frameworks is about 13.1 wt%
(Fig. S21af). Moreover, the bare carbon framework electrode
displays a low discharge capacity of about 436 mA h g~ after 20
cycles at 100 mA g~ * (Fig. S18at). The bare carbon frameworks
were further thermally annealed at 1000 °C for 6 h to eliminate
the N species. The XPS result shows almost no N species
(0.3 wt%) in the annealed product, as shown in Fig. S21b.}
Further electrochemical tests reveal that the product exhibited
a discharge capacity of about 414 mA h g~ " after 20 cycles at
100 mA g~ * (Fig. S18bt), slightly lower than that of bare carbon
frameworks before 1000 °C annealing. Therefore, the influence
of N-doping on the lithium storage performance of pitaya-like
microspheres is limited.

Based on the above observation and analysis, it can be
concluded that the exceptional Li" storage performance of the
pitaya-like microsphere material is closely related to its unique
3D architecture, as illustrated in Fig. 4a. To confirm this, further
TEM characterization at different charge/discharge states was
performed to understand the structural and morphological
changes of pitaya-like microspheres during the electrochemical
measurements, as shown in Fig. 4b—e. The 3D carbon frame-
works can buffer the volume change, prevent the aggregation of
Co3ZnC nanoparticles and restrict the formation of the SEI layer
to the outside of carbon frameworks, as evidenced by Fig. 4c-e.
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Fig.4 (a) Schematic illustration of the pitaya-like microspheres during
lithiation/delithiation processes. (b—e) TEM images of pitaya-like
microspheres (b) before and (c—e) after different charge/discharge
cycles. (c) The thin SEI layer was generated and restricted to the
outside of the 3D porous carbon framework in the delithiation process
after 10 cycles at 100 mA g~ (d) The structural integrity of pitaya-like
microspheres maintained well at the full lithiation state after
1150 charge/discharge cycles at 1000 mA g~ (e) The distribution of
CozZnC nanoparticles in the carbon framework at the full lithiation
state after 1150 cycles at 1000 mA g™,

In the delithiation process, the structure of pitaya-like micro-
spheres was soundly restored except the formation of the SEI
layer on the surface of the carbon framework (Fig. 4c). Even at
the full lithiation state after 1150 charge/discharge cycles, the
volume expansion of Co;ZnC/C cores reached a maximum value
but still could not break the carbon framework, and the
morphology of pitaya-like microspheres maintained well
(Fig. 4d), suggesting the high structural integrity of the pitaya-
like microspheres. Moreover, the Co;ZnC particles and carbon
framework can be clearly identified (Fig. 4e), and the Co;ZnC
nanoparticles are still distributed uniformly in the 3D carbon
frameworks without no obvious aggregation, demonstrating the
ultrahigh stability of pitaya-like microspheres for the applica-
tion of LIBs. In addition, the mesoporous nanostructure can act
as a reservoir for the storage of Li*, and it is beneficial to the fast
infiltration and diffusion of the electrolyte, providing short path
lengths with less resistance for both Li" and electron transport
within the electrolyte.*>*® These results demonstrate that the
unique architecture of pitaya-like microspheres is responsible
for the excellent Li* storage performance.

Conclusions

In summary, we have prepared pitaya-like microspheres with
carbide nanoparticles embedded in mesoporous spherical
carbon frameworks via a facile and effective strategy, which
consisted of an ultrasonication-assisted solution-phase
approach and a subsequent thermal annealing process. Owing
to their unique structural features and desirable compositions,
the resultant porous pitaya-like microspheres exhibit excellent
electrochemical performances when evaluated as anodes for
LIBs. Remarkably, it demonstrates that the cyclic performance
and long-term stability of anodes can be significantly improved
by the greatly enhanced structural integrity. We suggest that the
simple synthesis approach proposed in this work could be
widely applied in the preparation of other metal carbide/carbon

This journal is © The Royal Society of Chemistry 2016
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composites for next-generation LIBs, as well as other energy
storage systems.
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