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ABSTRACT (arbides represent a class of functional materials with
unique properties and increasing importance. However, the harsh condi-

tions in conventional synthetic strategies impede subtle control over size =,
and morphology of carbides, which is highly imperative for their practical e 7
applications. Herein, we report a facile, simple approach to prepare porous EISO'
Co3ZnC/N-doped carbon hybrid nanospheres. In this structure, the Co;ZnC <§-
nanoparticles exhibit a core—shell structure and they are uniformly “1501
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nanospheres. The hybrid nanospheres have a specific surface area as high Cycle number

as 170.5 m” g . When evaluated as an anode material for lithium ion batteries, they show an excellent lithium storage performance, which can be
attributed to the combined effect of the core—shell Co3ZnC nanoparticles, the pore structure and the highly conductive and elastic N-doped carbon
networks. This work provides an efficient route for the facile production of nanoscale carbides with desirable manipulation over size and morphology for

many of important applications.
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ransition-metal carbides (TMCs) have
Tbeen known since the pioneering

work of Levy and Boudart in 1973,
and they have recently received renewed
research interest. In terms of their structure,
TMCs possess simple metallic structures
with small carbon atoms in the interstitial
voids of the densely packed host lattice,
which therefore are classified into the family
of interstitial alloys (the inset in Figure 1a).2
Because of their special structure, they show
an unusual combination of outstanding
properties, such as high melting point, high
electrical and thermal conductivities, excep-
tional hardness, excellent mechanical stabi-
lity, and chemical stability along with the
resistance against corrosion under reac-
tion conditions.>* This combination of these
properties has attracted considerable atten-
tion and has led to numerous technical
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applications and theoretical investigations.* "’

Several recent reports on TMCs mainly fo-
cused on their catalytic and electrochemical
applications. For instance, Hou et al. re-
ported a facile bromide-induced synthesis
of FesC, nanoparticles (NPs),'® which could
be used as a catalyst for Fischer—Tropsch
synthesis. Molybdenum carbides (MoC)
have been applied in both the catalytic syn-
thesis and decomposition of NHs.'* Shen
et al. demonstrated nanosized tungsten
carbides (WC) for high-performance electro-
catalysis."* Just recently, nevertheless, Go-
gotsi et al. demonstrated by combining
density functional theory (DFT) calculations
and experiments that two-dimensional lay-
ered carbides, such as Nb,C, V,C, Cr,C, Ti,C,
and so on, are promising electrode materi-
als for lithium ion batteries (LIBs), and the
lithiation and delithiation mechanisms were

AMRTAN TS

* Address correspondence to
caomh@bit.edu.cn.

Received for review March 11, 2014
and accepted August 3, 2014.

Published online August 03, 2014
10.1021/nn501390j

©2014 American Chemical Society

WWwWW.acsnano.org

7846



Intensity (a.u.)

Intensity (a.u.)

(b) D band (1341.5)

G band (1586.9)

1_§'00 2000
Raman shift (cm ")

1000 1200 1400 1600

Intensity (a.u.)

Intensity (a.u.)

()

0 200 400 600
Bind energy (eV)

800 1000 1200 39%4 396 398 400 402 404

Bind energy (eV)

Figure 1. (a, b) XRD pattern and Raman spectrum of the Co3ZnC/C—N hybrid (inset: crystal structure of Co3ZnC); (c) survey XPS
spectrum of the Co;ZnC/C—N hybrid; (d) high-resolution XPS spectrum of N 1s.

found to be Li intercalation and deintercalation
between the layers.*”#'%75 |n addition, Zhou et al.
investigated the electronic properties and Li storage
capability of TisC, in detail also by density DFT com-
putations. The results showed that TisC, possesses
some exceptional properties, including good elec-
tronic conductivity, fast Li ion diffusion, low operating
voltage, and high theoretical Li storage capacity,’ all of
which make it an ideal anode for LIBs. Inspired by the
above studies and considering that Zn, Ti, or Co ele-
ments are relatively low cost, highly natural abun-
dance, and environmental benignity compared to
Mo, Nb, V, or Cr, in this report, we, for the first time,
demonstrate lithium storage performance of bimetallic
carbide—Co3ZnC as an anode in LIBs by experimental
investigation.

As is well known, the ability to control particle size
and morphology is an important objective in the
synthesis of nanostructured materials, as the size and
shape can significantly influence various properties.
For example, the particle size can greatly affect their
surface area, while the high surface area is of particular
importance regarding, for example, electrode reac-
tions, because of the increase of interaction of the
active materials of the electrode with electrolyte. How-
ever, the traditional metallurgy techniques for the
synthesis of TMCs involve reaction of the metals with
carbon at high temperatures, and the resultant TMCs
are mainly limited to irregular particles with relative
large size (several microns) and low surface area
(6.7—108 m? g~ ").'#'817 Therefore, to obtain TMCs as
nanoscale materials with well-defined shape, size, and
composition, traditional solid-state synthesis based on
the reaction of powder precursors is unsuitable. In view
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of this situation, several approaches subsequently
were developed for synthesizing TMCs with nanoscale
particle size and high surface area, mainly including
soft/hard template method,'® high-temperature de-
composition,'® carbothermal reduction, or temperature-
programmed reduction.?>?' Although these methods
deliver a relatively high surface area compared to the
traditional ones, the obtained TMCs still cannot meet the
requirements of some high-performance applications.
The lack of efficient control over the particle size and
morphology is a serious problem for further develop-
ment of nanoscale TMCs.

Furthermore, it has been well addressed that mate-
rials with nanoscale particle size often display relatively
high activity originating from the intrinsic properties of
nanomaterials, such as high surface area and high
surface energy. Therefore, nanomaterials are inher-
ently vulnerable to oxidation or agglomeration, thus
leading to the decreasing of the final performance.?*
Therefore, compositing nanoscale TMCs with carbon
may be an alternative means to alleviate this problem,
and the carbon existing in the composites can provide
the oxidation resistance and avoid the agglomeration
of the bare NPs. Until now, there have been several
reports on the compositing of TMCs with carbon,
which has proved highly effective in improving the
studied performance. For example, Zhao et al. reported
the ordered mesoporous TiC/C composites using a self-
assembly approach, in which the highly dispersed TiC
NPs embedded in the matrix of amorphous carbon
show significant property enhancement;** Feng et al.
synthesized core—shell structured Fe/FesC—C nano-
rods, which exhibit excellent performance as ad-
vanced electrocatalysts for oxygen reduction reaction.*®
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Scheme 1. Schematic lllustration of the Fabrication of Co;ZnC/C—N Hybrid and Its Application in LIBs

Additionally, several other TMCs/C nanocomposites
have also been reported in different fields such as LIBs,
dye-sensitized solar cells, methanol oxidation, and so
0n.26—31

Herein, we for the first time propose a facile strategy
for fabricating CosZnC core—shell NPs embedded in
three-dimensional (3D) porous N-doped carbon con-
ductive networks (CosZnC/C—N hybrid) via a facile
ultrasonic method followed by annealing treat-
ment. The Co3ZnC/C—N hybrid shows a hierarchically
porous structure with specific surface area as high as
170.5 m? g~'. When evaluated as an anode for LIBs, the
CosZnC/C—N hybrid exhibits higher specific capacity
and significantly enhanced cycling performance com-
pared to CosZnC NPs.

RESULTS AND DISCUSSION

The schematic illustration for the fabrication of the
Co3ZnC core—shell NPs embedded in 3D N-doped
carbon conductive networks is shown in Scheme 1.
First, the preparation of uniform Zns[Co(CN)el./poly-
vinylpyrrolidone (PVP) (Zn3[Co(CN)gl,/PVP) nano-
spheres is based on our previous work via an ultra-
sonic method in the presence of PVP (see Figure S1,
Supporting Information).3 The subsequent annealing
treatment at 600 °C converts the Znz[Co(CN)gl,/PVP
precursor into a Co3ZnC/C—N hybrid, and in this
process the spherical morphology of the precursor is
well maintained. The crystalline composition of the
annealed sample can be identified as the cubic CosZnC
phase (JCPDS card No. 29-0524) by X-ray diffraction
(XRD) analysis (Figure 1a), and the CosZnC displays a
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typical alloy structure (the inset in Figure 1a). The
average crystalline size of the CosZnC particles was
determined to be about 15.3 nm based on the Scherrer
formula. Here, it should be pointed out that if the an-
nealing temperature is higher or lower than 600 °C, for
example, 500 or 700 °C, a pure Co3ZnC phase cannot
be obtained (Figure S2a, Supporting Information). The
possible reason may be ascribed to the insufficient
energy for the formation of the pure CozZnC phase at
the lower temperature and the volatilization of Zn
component at the higher temperature.>® Moreover,
we also tried lower pressures still at 600 °C, and
similarly, we still did not obtain a pure CosZnC phase
(Figure S2b, Supporting Information), which may be
because the lower pressure increases the volatile
rate of the components and thus decreases their resi-
dence time in the solid particles, leading to the forma-
tion of different phases in the final product3* The
above experimental results indicate that the annealing
temperature and pressure in our case are particularly
important for the formation of pure CosZnC phase from
the thermal transformation of the Znz[Co(CN)el,/PVP
precursor.

The chemical composition of the sample annealed
at 600 °C was further investigated by Raman and
X-ray photoelectron spectroscopy (XPS) measure-
ments (Figure 1b—d and Figure S3 in the Supporting
Information). Figure 1b shows the Raman spectrum of
the sample, which presents two strong peaks at 1341.5
and 1586.9 cm ™ in the range of 1000—2000 cm™',
which can be assigned to typical D and G bands of the
carbon materials, respectively. This result suggests the
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Figure 2. FE-SEM images of (a, b) the precursor; (c—e) the CosZnC/C—N hybrid; (f) STEM image and the corresponding
element mapping images. The profiles in a and c show the corresponding particle size distribution.

existence of carbon in this sample. The N-doping was
ascertained by survey spectrum and high resolution N
1s spectrum (Figure 1¢,d) (here it should be noted that
we performed the XPS measurement on a sputtered
surface in order to get the substantial information on
the sample, not just the very outer surface). As shown
in Figure 1d, the N 1s peak can be deconvoluted into
three components with binding energies at 399.3,
398.1, and 396.9 eV, which can be assigned to pyrrolic
nitrogen, pyridinic nitrogen, and nitrogen atoms
bonded to Zn or Co atoms, respectively.
Zn3[Co(CN)gl,/PVP nanospheres prepared via an
ultrasonic method were used as the precursor. The
low-magnification field emission scanning electron
microscopy (FE-SEM) image (Figure 2a) showed that
the precursor was composed of highly uniform
spheres with an average diameter of ca. 564.1 nm
(inset in Figure 2a). A high-magnification FE-SEM im-
age (Figure 2b) revealed that the surface of the sphere
is very rough, suggesting that the spheres may be
assembled from smaller subunits. More interestingly,
after being annealed at 600 °C for 2 h, the resultant
Co3ZnC/C—N still maintains the spherical morphology
of the precursor, and the very uniform spheres have an
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average diameter of about 420.0 nm (Figure 2c), which
is smaller than that of the precursor, suggesting that an
obvious shrinkage occurs during this annealing pro-
cess. Unlike the rough surface of the precursor, the
surface of the CosZnC/C—N sample is embedded with
many NPs, as shown in the high-magnification FE-SEM
image (Figure 2d). A magnified FE-SEM image of an
individual nanosphere could more clearly display the
details of the sphere, as shown in Figure 2e. In fact, the
NPs composed of the sphere are cross-linked with 3D
porous networks, which are similar to the structure of
the sponge, and the pores can be clearly observed
(marked by red arrows). Furthermore, the element
mapping images obtained by X-ray energy dispersive
spectroscopy (EDS) attached with an electron micro-
scope (STEM) confirm the presence of Zn, Co, C,and N
elements, in agreement with Raman and XPS results,
and that these elements were uniformly distributed
through the whole nanospheres (Figure 2f). The CHN
element analysis reveals that the Co;ZnC/C—N sample
contains 31.2 wt % carbon and 8.69 wt % nitrogen. The
mass concentration of Co and Zn by ICP-MS measure-
ment was determined to be 39.7 and 21.9 ug mL™",
respectively, and thus, the C weight percentage in the
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Figure 3. (a—c) TEM images of the Co3ZnC/C—N hybrid at different magnifications; (d—f) representative HRTEM images; (g)
STEM image (the inset one) and the corresponding cross-sectional compositional line profiles; (h) nitrogen adsorp-
tion—desorption isotherms and pore size distribution curves of the Co3ZnC/C—N hybrid.

CosZnCis calculated to be 4.06 wt % on the basis of the
ICP result of Zn. Combining this result with the ele-
mental analysis, the free carbon composited with
CosZnC is calculated to be 27.1 wt %. According to all
these measurements (XRD, element analysis, element
mapping, Raman, and XPS), we affirmatively deduce
that the annealed sample is a hybrid of CosZnC and
N-doped carbon (named as CosZnC/C—N), in which
the NPs are CosZnC, while the 3D porous networks are
N-doped carbon.

The microstructure of the Co3ZnC/C—N hybrid
was further investigated by transmission electron
microscopy (TEM). Figure 3a,b display the typical TEM
images of this hybrid, indicating the well-defined uni-
form nanospheres, which is consistent with SEM result.
These spheres exhibit excellent dispersibility with dia-
meter of about 420 nm. Figure 3c shows a TEM image
of an individual sphere, from which it can be clearly
seen that darker CosZnC NPs with diameter of about
15—20 nm are embedded in gray 3D N-doped carbon
networks, which have a very loose structure. It is
more interesting to note that the Co3ZnC NPs actu-
ally possess a core—shell structure, as shown in
the high-resolution TEM images of single particle
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(Figure 3d,e). The interplane spaces in the shell and
core are calculated to be 0.26 and 0.21 nm (Figure 3e),
which agree well with the (110) and (111) lattice planes
of cubic CosZnC, respectively, further confirming that
the core and shell both belong to Co3ZnC phase. More
importantly, it can be clearly seen from Figure 3d—f
that the core—shell Co3ZnC NPs are firmly wrapped by
thin onion- like carbon shells (marked by red circles),
indicating the strong interaction between CosZnC and
carbon. This interaction could effectively prevent
Co3ZnC NPs from falling off the carbon networks
during discharge/charge process, thus ensuring the
stable performance of the hybrid. In order to further
verify the core—shell structure of the Co3ZnC NPs,
STEM measurement was carried out. Figure S4ab
in the Supporting Information shows the annular
bright-field (BF)- and dark-field (DF)-STEM images for
one particle, from which an obvious contrast be-
tween the core and the shell can be detected. An
element mapping investigation (Figure S4b, Support-
ing Information) and the line profiles across one par-
ticle (Figure 3g) also revealed that the core and shell
are same component. In addition, the micro-EDS spec-
tra recorded from different positions of one particle
2014
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further suggested that the core and the shell of the
particle both are composed of CosZnC, and the CosZnC
NPs are distributed in the N-doped C networks (Figure S5,
Supporting Information). The texture and porosity of
the precursor and CosZnC/C—N hybrid are character-
ized by measuring N, adsorption—desorption isotherms
(Figure S6, Supporting Information and Figure 3h). From
the isotherms we can see that the CosZnC/C—N hybrid
shows a hierarchical micro-mesopore structure with an
average pore diameter of about 7.8 nm and a Brunauer—
Emmett—Teller (BET) surface area as highas 170.5m?g ™.
The pore diameter is much larger than that of the
precursor (2.7 nm), while the surface area is obviously
lower than that of the precursor (536.4 m?g™"). This result
reflects that this annealing process was accompanied by a
change in terms of the phase and microstructure. It should
be noted that the large pore diameter and the relatively
high surface area for the annealed sample will be bene-
ficial for its storage performance because the electrolyte
can be penetrated completely into the pores, leading
to a higher electrolyte/electrode contact area and more
facile adsorption for Li ions on the NPs and within the
pores3573°

Furthermore, a Zns[Co(CN)gl, precursor instead of
Zn3[Co(CN)gl,/PVP can be obtained if no PVP was
used in the preparing process. Figure S7 (Supporting
Information) shows FT-IR spectra of these two pre-
cursors obtained with and without PVP addition. It can
be clearly seen that the obvious peaks at about 2185.5
and 472.6 cm ™' in both spectra can be assigned to
C—N and Co—CN, respectively. However, compared
with that of the Zn3[Co(CN)gl,, the FT-IR spectrum of
the Zn3[Co(CN)gl,/PVP exhibits some new peaks at
about 2957.9, 1291.0, 666.2 cm ™', which can be attrib-
uted to PVP, indicating the adsorption of PVP on the
surface of the Zn3[Co(CN)gl,. The presence of PVP not
only can effectively avoid the aggregation of CozZnC
NPs but also is beneficial for the formation of the 3D
carbon network. Figure S8a (Supporting Information)
shows a SEM image of the as-obtained Zn3[Co(CN)sl,
precursor, from which it can be seen that the Zn;[Co-
(CN)gl, sample consists of regular polyhedrons with a
larger size. After annealing, the Znz[Co(CN)gl, polyhe-
drons were crushed into small particles (Figure S8b,
Supporting Information), which can be determined
to be pure CozZnC phase by XRD pattern (Figure S8c,
Supporting Information). The TEM image, the STEM
image, the corresponding cross-sectional composi-
tional line profiles along with the element mapping
images, and the micro-EDS spectra are also provided
to further reveal the composition and the element
distribution of this sample (Figure S8d—k, Support-
ing Information). These results indicate the im-
portant role of PVP in the formatting of 3D spherical
network. We define this sample as CosZnC NPs
and in the following study it serves as a control
sample.

XIAO ET AL.

Considering its unique nanostructure and special
composition, the resultant Co3ZnC/C—N hybrid is be-
lieved to have potential application as an anode
material in LIBs. Hence, we for the first time investi-
gated its Li storage performance. Figure 4a displays the
discharge/charge voltage profiles of the CosZnC/C—N
hybrid cycled at a current density of 0.1 A g 'in a
potential window of 0.01—3 V (vs Li*/Li). The initial
discharge and charge-specific capacities are 1570.1
and 911.3 mA h g™, respectively. Although a large
irreversible capacity loss is observed in the first cycle,
the reversible capacity is still as high as 995.6 mAh g™’
in the second cycle and could be maintained up to
968.1 mA h g~ in the 60th cycle, indicating the ex-
cellent reversibility of this material. The irreversible
capacity loss in the first cycle can be partly attributed
to the formation of solid electrolyte interphase (SEI)
film on the surface of the electrode.3*~*° This result
is also in good agreement with that from the cyclic
voltammetry (CV) curves, which show an obvious
reduction peak in the potential of 0.65 V only in the
first cycle (Figure 4b). Like the reported studies, the
former is related to the irreversible reactions between
the electrode and electrolyte, and the latter is due to
the electrolyte decomposition and the formation of the
SEI film.>*3” In the subsequent cycles, no evident redox
peaks were observed, from which it can be prelimina-
rily deduced that the CosZnC material does not follow
the conventional conversion reaction mechanism.

To further investigate its Li storage mechanism, the
XPS spectra of Zn and Co of the Co3ZnC/C—N electrode
after cycling at different states were performed. As
shown in Figure 4c, the Co 2p spectrum after dis-
charged to 0.01 V can be fitted to 777.8, 778.9, 780.8,
783.9, 792.9, 794.5, 796.9, and 803.1 eV. The strongest
peak at 777.8 eV as well as the one at 792.9 eV can be
assigned to Co®. The peak at 778.9 eV can be assigned
to the Co 2ps, of Co?" with the shakeup satellite at
783.9 eV, while the one at 794.5 eV is due to the
Co 2p;,» with the satellite peak at 803.1 eV. The other
two weak peaks are related to Co>*. However, for the
case after charged to 3V, the Co 2p spectrum displays
almost similar curve to that after discharged to 0.01 V
with respect to peak number and peak position. Thus, it
can be seen that the oxidation state of Co has no
change during above discharge/charge process. Simi-
larly, for the Zn 2p XPS spectrum, it shows two evident
peaks at about 1021.2 and 1044.2 eV for the one after
discharged to 0.01 V; after charged to 3V, the peaks
at about 1020.9 and 1043.9 eV are obtained. Com-
pared with those before cycling (1021.7 and 1044.8 eV)
(Figure S3, Supporting Information), a little change of
the peak position is generated, which may be induced
by the change of the local environment. From the XPS
results we can see that no valence state change for
CosZnC is observed during the discharging/charging
process. In addition, an examination of the XRD
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Figure 4. (a) Charge—discharge profiles of CosZnC/C—N hybrid for the first, second, and 60th cycles at a current density of
0.1 A g~ ". (b) CV curves for the as-resultant hybrid at a scan rate of 0.1 mV s~ . (c) The comparison of Zn 2p and Co 2p XPS
spectra of the as-prepared CosZnC/C—N spheres after four cycles: charged to 3 V and discharged to 0.01 V, respectively. (d)

XRD patterns of the Co3ZnC/C—N electrode after four cycles.

patterns during the cycling process shows that no extra
peaks appear (Figure 4d); only the diffraction peaks of
the CosZnC phase have a slight downshift. By the XRD
rietveld refinement, the lattice parameters are deter-
mined to be 0.3758 nm (after discharged to 0.01 V) and
0.3750 nm (after charged to 3 V) after 4 discharge/
charge processes, respectively, whereas that before
cycling is 0.3738 nm. Thus, the lattice parameter
changes only in the range of 0.3%—0.5% during the
discharging/charging process. These XPS and XRD
analyses further confirm aforementioned deduction;
i.e, it is not the conversion reaction.

Furthermore, from the lattice parameter changes we
also know that such a small volume expansion is
obviously inconsistent with the high Li storage capa-
city obtained from above experimental results if the Li
storage mechanism is Li intercalation. Actually, we
have also confirmed this fact by ab initio calculations
based on density functional theory (DFT). The favor-
able sites with different Li concentrations, and the
corresponding coordinates are provided in Figure S9
and Tables S1 and S2 (Supporting Information). It can
be seen that even if 0.5 Li is intercalated into one
Co3ZnC unit cell, the volume expansion is as least
11.6% but still keeping the initial crystal structure.
However, 1 Li per one CosZnC unit cell leads to volume
expansion as high as 25.3% and near-destruction of the
initial crystal structure. It should be noted that such a
large volume expansion (25.3%) is also highly incon-
sistent with previous lattice parameter changes. In fact,
the Li intercalated numbers that correspond to the
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reversible charge capacity (968.1 mA h g~ for the 60th
cycle) obtained experimentally are much more than 1
Li/one CozZnC unit cell. Therefore, these contradictory
results strongly suggest that other Li storage models
excluding the conversion reaction and the Li intercala-
tion mechanism should be taken into consideration
for good Li storage properties. According to recently
reported studies,*"*? Li can adsorb on the surface of
NPs and fill into the interspersed pores to achieve Li
storage. Therefore, in our case, the hierarchical micro/
mesopores, the small-size core—shell CozZnC NPs, and
3D N-doped carbon conductive network can serve as
reservoirs for Li storage, and all these factors contrib-
uted to the excellent Li storage performance of the
resultant hybrid system.

Figure 5a shows the galvanostatic cycling perfor-
mance of the Co3ZnC/C—N hybrid together with its
Coulombic efficiency at a current density of 0.1 Ag™".
It is interesting to observe that the discharge ca-
pacity decreases slightly before 20 cycles and then
gradually increases to 968.1 mAh g~ . This value is 2.6
times the theoretical capacity of commercial graphite
(372 mAh g ). According to the literature,*5**~* the
reason for the change trend of the capacity can be
probably attributed to two aspects: the gradual pene-
tration of electrolyte into the inner of the porous active
materials during cycling at a low current density and
the progressive generation of electrochemistry active
polymeric films. During the tested 60 cycles, although
the initial Coulombic efficiency is only 58.1% for the
first cycle, it increases sharply to the 89.5% during the
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Figure 5. Electrochemical properties of the as-prepared electrodes for Li storage: (a) cycling performance of Co3ZnC/C—N and
C03ZnC NPs electrodes at a current density of 0.1 A g~ and coulombic efficiency of Co;ZnC/C—N at a current density of
0.1A g*‘; (b) cycling performance of CosZnC/C—N electrode at different current densities; (c) rate performance at varied
current densities from 0.1 to 8 A g™ '; (d) electrochemical impedance spectroscopies of the Co;ZnC/C—N electrode tested
before cell testing, after 1 cycle, 20 cycles, and 60 cycles at a current density of 0.1 Ag~".

second cycle and reaches over 98.0% after the 15th
cycle. This value can be maintained in the subsequent
cycles, indicating excellent cycling stability of this ma-
terial. Furthermore, more importantly, the CosZnC/
C—N hybrid also displays outstanding cycling per-
formance at larger current densities. As shown in
Figure 5b, the electrode can deliver specific capacity
0f820.6,767.6,and 589.7mAhg ' at0.6,1,and2Ag™"
after 60 cycles, respectively, and under all tested con-
ditions, they all exhibit perfect cycling stability. As is
well known, the rate capability plays a significant role
in many applications such as electric vehicles and
portable power tools. Therefore, we also investigate
the rate performance of the materials at various current
densities (from 0.1 to 8 A g~ '), and the results are
presented in Figure 5c. It should be noted that when
the current density is returned to 0.1 A g~ ', the
capacity can recover to the original value, indicating
the excellent capacity capability of the CosZnC/C—N
hybrid. However, for CosZnC NPs, they exhibit lower
capacity and poorer cycling performance compared to
the Co3ZnC/C—N hybrid (Figure 5a,c). This may be
related to its composition and structure. In detail, for
the 3D Co3ZnC/C—N hybrid, the N-doping could in-
duce more active sites for the additional Li storage,***>
while the highly conductive N-doped carbon networks
possess high mechanical stability and could maintain
the integrity of the electrode during cycling, thus en-
suring the excellent stability performance.*® Further-
more, to further understand the excellent performance
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of Li storage of the CosZnC/C—N hybrid, electroche-
mical impedance spectroscopy (EIS) measurements
were carried out after different cycles of discharging/
recharging at 0.1 A g~ ". As clearly seen in Figure 5d,
the impedance of a fresh cell is smaller than that of
the first cycle, indicating the formation of SEI film after
the first cycle, which is common in most anode mate-
rials. 3839434 However, in contrast to most reports that
the cell impedance increases with increasing cycle
numbers, the cell impedance decreases obviously with
increasing cycle numbers, indicating the smaller im-
pedance of the CosZnC/C—N hybrid electrode with the
cycle increase. This phenomenon may be associated
with its 3D N-doped carbon networks. In order to
further expound this issue, the electrochemical impe-
dance spectroscopies of the 3D CosZnC/C—N hybrid
after different cycles were fitted on the basis of the
equivalent circuit model (Figure S10, Supporting
Information). The fitted results indicate that the charge
transfer resistances (Rct) of Co3ZnC/C—N hybrid at
the 1st, 20th, and 60th cycles are 244.1, 81.4,and 43.2
Q, respectively, displaying a significant decrease of
Rct with cycling. This result is similar to those in
previous literature and may be ascribed to the ex-
istence of the activating process and the wetting of
the electrode materials with the electrolyte in the
porous structure and the 3D carbon matrix.*’ —>°
Moreover, with the increase of the cycle number,
the SEI film resistances (Rsg) of the Co3ZnC/C—N
for the 1st, 20th, and 60th cycles at 0.1 A g~ ' are
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Figure 6. Cycling performance of Co3ZnC/C—N hybrid at 10 A g~ for 800 cycles.
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Figure 7. SEM images of the Co3ZnC/C—N electrode after cycled for 60 cycles at a current density of 0.1 A g™ ": (a) low
magnification; (b) high magnification; (c) TEM image of the Co3ZnC/C—N electrode after cycled for 60 cycles at a current
density of 0.1 A g~ and inset is TEM image of a single nanosphere; (d) schematic illustration of discharging/charging

mechanism for the Co3ZnC/C—N hybrid.

determined to be 33.0,31.2, and 30.5 Q, respectively,
which are far lower than those (134.6, 130.0, and
56.9 Q) of the Co3ZnC NPs. More importantly, com-
pared to CozZnC NPs, the 3D Co3ZnC/C—N hybrid has
Rsgr values at different cycles with a slight change,
indicating a more stable SEI film. We deduce that it is
the 3D N-doped carbon network that plays a key role
in stabilizing the SEI film.*7>"

We believe that the superior performance of the
Co3ZnC/C—N hybrid is closely related to its unique
structure. Even at a higher current density of 10A g™,
corresponding to a time of 5 min to finish a discharge/
charge process, the Co3ZnC/C—N electrode still deli-
vers a capacity of as high as 386.6 mAh g~ ' after the
800th cycle (Figure 6), which is still higher than the
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theoretical capacity of graphite (372 mA h g7'). To
further confirm excellent stability of this structure, we
tested the morphology of the Co3ZnC/C—N hybrid
after 60 cycles at a current density of 0.1 A g~ '. TEM
and SEM examinations for the electrode reveal that
after 60 cycles the spherical morphology of the
Co3ZnC/C—N hybrid is perfectly retained, and more-
over, no Co3ZnC NPs fall off the hybrid spheres
(Figure 7a—c), confirming the superior structural sta-
bility. This superior stability can be ascribed to the
elastic carbon 3D conductive networks as well as their
close wrapping for the core—shell CosZnC NPs, which
could provide the mechanical/structure integrity during
cycling. To the best of our knowledge, this is the first
report on the Li storage application for Co3ZnC/C—N
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hybrid, and its excellent Li storage performance demon-
strates the great potential as a promising high rate
anode material in LIBs.

The excellent electrochemical performance of the
Co3ZnC/C—N hybrid could be attributed to its unique
composition and microstructure, which feature the
following advantages (Figure 7d): (1) the hierachically
microporous-mesoporous structure may act as a re-
servoir for storage of Li*, and it is beneficial to the easy
immersion and diffusion of the electrolyte, which can
provide short path lengths with less resistance for
both Li ion and electron transport within elec-
trolyte; 3839437455253 (9 the N-doping can introduce
more active sites for the additional Li storage; (3) the
highly conductive N-doped carbon network not only
could provide a continuous pathway for electron
transport and Li* diffusion but also could effectively
stabilize the as-formed SEI films;>*~>¢ (4) the small-
sized core—shell CosZnC NPs in the Co3ZnC/C—N
hybrid is beneficial for adsorbing more Li on their
surface due to their high activity. All of these factors

METHODS

Synthesis of Co;ZnC(/C—N. All of the reagents used are of
analytical purity and used without further purification. In a
typical precursor, the Zn3[Co(CN)el,/PVP was first synthesized
by a ultrasonic method according to the literature with little
modification. Two solutions were prepared. Solution A: 0.132 g
of Zn(ac),-2H,0 and 1.112 g of PVP (K30) were dissolved in
20 mL of destilled water under magnetic stirring to form a
transparent solution. Solution B: 0.133 g K3[Co(CN)e] was dis-
solved in 20 mL of distilled water with stirring. Then the solution
B was slowly added into solution A dropwise under agitated
stirring and ultrasonic radiation in an ice—water bath. After
reaction for 20 min, the reaction mixture was further maintained
for 1 h, and subsequently the reaction was aged at room
temperature for 24 h. Finally, the obtained product was washed
with distilled water several times. After freeze-drying for 24 h,
the Zn3[Co(CN)el,/PVP was annealed at 600 °C under atmo-
spheric pressure for 2 h at N, atmosphere with a heating rate of
3 °C/min to yield the final product.

Characterization. The obtained products were characterized
on an powder X-ray diffraction (XRD) (Bruker D8 X-ray power
diffactometer) operated at 40 kV voltage and 50 mA current. An
XRD pattern was recorded from 30 to 80° (26) with a scanning
step of 5°/min. The morphologies of the resulting products
were examined by a H-8100 transmission electron microscopy
(TEM) operating at 200 kV accelerating voltage and field emis-
sion scanning electron microscopy (FE-SEM). The EDS ele-
ment mapping images of the sample were acquired by using
a scanning transmission electron microscope (STEM) (FEI Tech-
nai G2 F20) operating at 200 kV. BF- and HAADF images were
taken with a JEOL 2010F microscope in STEM mode with the
use of the BF- and HAADF detector. The microanalysis of EDS
spectra were also taken with a JEOL 2010F microscope. X-ray
photoelectron spectra (XPS) were recorded on an ESCALAB 250
spectrometer (Perkin Elmer) to characterize the chemical com-
position of the CosZnC/C—N hybrid and the electrodes after
discharging/charging. The XPS measurement was conducted
with sputtering for 360 s with an air-ion beam operating at 3 kV
and 3 uA. High-resolution spectra were carried out with the pass
energy of 20 eV and the energy step of 0.1 eV. For the testing of
the materials after cycling, the cell was disassembled, and the
electrode was taken out. The electrode was washed by dimethyl
carbonate (DEC) and then dried at the vacuum condition.
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are responsible for the excellent Li storage perfor-
mance of the Co3ZnC/C—N hybrid.

CONCLUSIONS

In summary, we have demonstrated a facile and
effective path to synthesize a porous CosZnC/C—N
hybrid. In this structure, core—shell Co3ZnC NPs were
uniformly embedded in N-doped carbon conductive
networks to form rather uniform nanospheres. The
C03ZnC/C—N hybrid was formed by thermally induced
reduced decomposition of Zns[Co(CN)sl,/PVP nano-
spheres at 600 °Cin a N, atmosphere. When evaluated
as an anode material for LIBs. The novel hybrid material
presents a remarkable Li storage performance, capa-
city retention, and rate capability. The outstanding
performance is mainly attributed to the porous struc-
ture, highly conducting carbon networks, and small
core—shell Co3ZnC NPs. Furthermore, this strategy for
constructing this unique structure and special compo-

sition would be very helpful in boosting the electro-
chemical performance of other nanomaterials.

Finally, the materials were peeled off from the Cu foil for further
XPS measurement. The carbon content was determined by an
elemental analyzer (Vario El) using combustion method. Induc-
tively coupled plasma spectrometry (ICP) was carried out on a
Jarrel-ASH (ICAP-9000). Raman spectra were recorded on an
Invia Raman spectrometer, with an excitation laser wavelength
of 514.5 nm. The Brunauer—Emmett—Teller (BET) surface area
of as-synthesized samples was measured using a Belsorp-max
surface area detecting instrument by N, physisorption at 77 K.

Electrochemical Measurements. The electrochemical behavior
of the obtained products was examined by coin-type cells
(2025) assembled in an argon filled glovebox. The working elec-
trode was obtained by mixture of active material, carbon black,
and polyvinylidene fluoride (PVDF) binder with a weight ratio of
80:10:10 onto a copper foil current collector. The typical elec-
trode was dried at 120 °C for 24 h under vacuum before being
assembled into a coin cell in an argon-filled glovebox. A Celgard
2400 microporous polypropylene membrane was used as the
separator, and Li foil was used as the counter electrode. The
nonaqueous electrolyte used was 1 M LiPFg dissolved in an
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl car-
bonate (DEC) mixture (1:1:1, in vol %). Galvanostatic cycling
experiments of the cells were performed on a LAND CT2001A
battery test system in the voltage range of 0.01—3 V versus
Lit/Li at room temperature. Cyclic voltammetry (CV) curves
were recorded on a CHI-760E workstation at a scanning rate of
0.1 mVs™'. The impedance spectra of the cell were measured by
applying a sine wave with amplitude of 5 mV over the frequency
range from 100 kHz to 0.01 Hz.
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