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Hierarchical Hollow Bimetal Oxide Microspheres
Synthesized through a Recrystallization Mechanism for
High-Performance Lithium-lon Batteries
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Bimetal oxide with its intricate nanostructure holds great
potential for high-performance electrode materials in lithium-
ion batteries (LIBs). Herein, a facile strategy for the fabrication of
hierarchical hollow Co;0,/ZnCo,0, microspheres is developed,
involving a simple solvothermal synthesis and subsequent
thermal annealing in air. An aggregation-dissolution-in situ
recrystallization structure evolution and growth mechanism is
proposed. Benefiting from the unique hierarchical hollow
structure with rational porosity, synergistic effect of bimetal

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used in
portable electronic devices, electric vehicles, and have great
application prospects in the large-scale storage of renewable
energy."? However, the existing commercial graphite anodes
provide a theoretical capacity of 372 mAhg™', which restricts
the demand for large-scale use of LIBs. Therefore, it is highly
desirable to develop suitable anode materials with high rate
performance and long cycle life. Among the investigated
materials, transition metal oxides are considered as the
preferred substitution materials owing to their high reversible
theoretical capacity, especially the cobalt oxide (Co;0,),™
which possesses a high theoretical capacity of 890 mAhg™.
Nonetheless, the low rate performance and poor cycle stability
caused by low electrical conductivity and severe volume
expansion hinder their applications. Several mixed bimetal
oxides have been proposed to solve these problems owing to
their synergy and complementary behavior, such as
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components, and better electrical conductivity, the as-synthe-
sized Co;0,/ZnCo,0, hierarchical hollow microstructure shows
outstanding lithium storage properties. As a result, a superior
rate capability (842 mAhg™' at a current density of 4 Ag™') and
an excellent cycle life (754 mAhg™' after 800 cycles at a current
density of 2 Ag™") are obtained. The presented strategy could
be applicable to the synthesis of mixed metal oxide hierarchical
hollow structures with rational porosity for high-performance
LIBs.

CoMo,0,,°® NiCo,0," and MnCo,0,® In particular, ZnCo,0,
has been considered as a competitive option because of its
unique crystal structure (isostructural to Co;0,) and a special
individual component that contributes to the electrochemical
reaction mechanism (alloying-dealloying process: Zn+Li" +e~
—Lizn).”

In addition to the chemical components of the material, a
rational-designed structure is another key factor to achieve a
high energy storage performance. Hierarchical nanostructures
consisting of  nanoparticles,*"" nanorods,"? and
nanosheets">'¥ can shorten the diffusion path of Li-ions and
increase the interface area between the electrode and electro-
lyte, favoring a capacity improvement. Mainly, interconnected
nanoparticle subunits promote the generation of voids, which
can alleviate the structural stress and buffer the volume
variation.*'” Besides, constructing hollow structures are anoth-
er effective strategy,'®'® providing sufficient contact between
the inner part of the electrode and electrolyte, and extra free
volume. For example, Guo's group reported the synthesis of
hierarchical hollow ZnCo,0, nanocages assembled from nano-
sheets by the etching of Cu,0 templates. The as-prepared
hierarchical hollow nanocages exhibit a better cycle perform-
ance compared with conventional ZnCo,0, nanoparticles."®
Also, as demonstrated by Ru’s group, one-dimensional (1D)
porous ZnCo,0, cuboids exhibit enhanced lithium storage
properties of 724 mAhg™' at a current density of 4 Ag™' using a
micro-emulsion stratagem, which is considered to be a
favorable morphology."” Despite the described advances, it is
still highly necessary and quite challenging to develop facile
and effective strategies for preparing hierarchical hollow
bimetal oxides microspheres with rational porosity.

Herein, we report the synthesis of hierarchical hollow
microspheres composed of Co;0,/ZnCo,0, (ZCO) nanoparticles
via a facile solvothermal method followed by a thermal

© 2020 Wiley-VCH GmbH

European Chemical
Societies Publishing


http://orcid.org/0000-0002-5072-1952
https://doi.org/10.1002/celc.202000781

Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemElectroChem doi.org/10.1002/celc.202000781

decomposition process. As schematically illustrated in Figure 1,
initially, in step 1, ZnCo-carbonate microspheres are synthesized
via a solvothermal method using urea as the precipitant, as well
as different molar ratios of CoCl, and ZnCl, as metal sources.
Later, in step 2, the precursors are calcined at different heating
rates under an air atmosphere to form the final products. When
investigated as anode materials for LIBs, the as-synthesized
ZCO-0.5 hierarchical hollow microspheres exhibit superior rate
capability and ultralong cycle life.

Step 1
° Self-assembly
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2. Results and Discussion

The crystallographic structures were first characterized by XRD
to identify their chemical composition. As shown in Figure 2a,
all of the diffraction peaks of the ZCO-0.5-carbonate can be
indexed to ZnCO; and CoCO,; (JCPDS card no. 83-1765 and
no.78-0209). After annealing, the identified peaks of ZCO-0
(Figure 2b) are consistent with Co;0, (JCPDS card No.74-2120).
The schematic crystal structure of ZnCo,0O, is demonstrated in
Figure 2d. It has a normal spinel structure with oxygen anions
stacked in closed cubic patterns, Zn’" located in one-eighth of
the tetrahedral sites and the Co®" sitting in half of the
octahedral sites.”! This crystal structure is isostructural to Co;0,

Step 2
Calcination

Co:Zn=1:0

Co:Zn=1:0.5

— 0 Co:Zn=1:2

Figure 1. Schematic illustration of the synthesis procedure for hierarchical hollow ZCO microspheres.
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Figure 2. a) XRD diffraction pattern of ZnCo-0.5-carbonate. b) XRD diffraction patterns and c) (110), (002) and (101) diffraction peaks of ZnO for ZCO-x. d)
Crystal structure of ZnCo,0,. e) TGA curves under air atmosphere of ZCO-0.5. f) N, adsorption-desorption isotherms and corresponding pore size distribution

(inset) of ZCO-0.5.
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(Figure S1). The diffraction peaks of ZCO-0.5 (Figure 2b) can be
well indexed to a mixed phase of Co;0, (JCPDS card No.74-
2120) and ZnCo,0, (JCPDS card No.23-1390), without additional
impurity diffraction peaks from ZnO. Meanwhile, as the ratio of
Zn/Co increases, ZnO peaks start emerging (Figure 2c ZCO-1)
and become obvious (Figure 2c ZCO-2). ICP-OES was used to
further verify the ratio of Co;0, and ZnCo,0, in ZCO-0.5, and
the molar ratio of Co to Zn is 5.94. According to the XRD data,
no ZnO is found in ZCO-0.5, indicating that all of the Zn ions
are derived from ZnCo,0,. Therefore, ZCO-0.5 is composed of
56.5% Co;0, and 43.5% ZnCo,0,. TGA was used to characterize
the thermal behavior of the ZnCo-carbonate. As exhibited in
Figure 2e two distinct processes of mass reduction were
observed. The one before 300°C is mainly caused by the
evaporation of moisture adsorbed on the surface, while the
main weight loss between 300 and 400°C is due to the
decomposition reactions of ZCO-carbonate to ZnCo,0O, and
C0;0, As shown in Figure 2f and S2, the pore structure of
ZCO-x was further investigated by N, adsorption-desorption
measurements. The sorption isotherm is a type IV isotherm at
the relative pressure range of 0.9-1.0 P/P,!""! ZCO-0.5 possesses
the largest surface area (17.96 m?’g™") and the smallest pore
diameter (2.10 nm) compared with others using the BET

Table 1. Specific surface area and pore size data for ZCO-x.
ZCO-x Surface Area Pore Size
Multi BET Langmuir Average BJH
m’g™1 m?g™1 [nm] [nm]
0 8.44 13.64 13.16 2.18
0.5 17.96 28.57 45.11 2.10
1 11.13 18.08 44.06 34
2 11.60 18.38 56.94 342

9
ZnCo-0.5-Carbonaté. 2 Hm

method and BJH model. More detailed BET and Langmuir
specific surface area and pore size data are given in Table 1. As
the Zn/Co ratio gradually increases from 0.5 to 2, the pore size
also gradually increases, which is consistent with the SEM image
below.

SEM images of the ZnCo-carbonate precursors in Figure 3a
exhibit a solid and uniform sphere structure. Radially smooth
cubic sub-micro-particles can be found by the higher magnifica-
tion SEM image in Figure S3a. Notably, these structures are
thermally stable so that after calcination, the original frame-
works were still maintained (Figure 3b-h). A hollow structure
with a wall thickness of about 1 um, providing efficient space to
reduce the volume variation during the electrochemical reac-
tion, can also be observed from Figure 3c. The higher magnifi-
cation image in Figure 3d shows the numerous nano-porous
and primary nanoparticles with a diameter of about 50 nm. This
mainly results from the CO, evolution during the decomposition
of the precursor component, as well as crystallization during
the annealing process. Additionally, this nano-microstructure
with a high surface area providing full contact between the
electrode and electrolyte offers more active sites for Li storage.
The formation of such a hierarchical structure during the
calcination process is due to the heterogeneous shrinkage by
non-equilibrium heat treatment. With the heating rate of 4°C
min~', a temperature gradient (AT) along the radial direction of
the carbonate spheres is expected. Due to the presence of AT,
the outermost of the carbonate spheres decompose first,
forming ZnCo,0,/Co;0, shell structure. This structure can
prevent the further shrinking of the outer diameter. The internal
carbonate sphere continues to shrink, so the heterogeneous
shrinkage occurs. Therefore, two forces in opposite directions
are encountered between the inner core and the outer shell:
cohesive force (o) form the inner core and the adhesive force

Figure 3. a) SEM images of ZnCo-0.5-carbonate, b—-d) ZCO-0.5, e,f) ZCO-1 and g, h) ZCO-2. i-k) TEM and HRTEM images and ) SAED pattern of ZCO-0.5.
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(0,) from the rigid shell. The former promotes the continued
contraction of the core, while the latter prevents inward
contraction. When o, < g,, the core gradually shrinks outward to
the shell, thus forming this hollow structure.'®?" As the Zn/Co
ratio gradually increases from 0 to 2, the spheres turn into
smaller ellipsoids, while the nanoparticles unit becomes larger
(Figure 3e-h and S4). Because of the relatively easy nucleation
of the zinc-based matrix during the bimetal coprecipitation
process, as the content of Zn increases, the probability of zinc
nucleation becomes larger, and the nucleation speed of zinc
becomes faster.?>?® Thus, the spheres turn into ellipsoids and
become smaller, while the nanoparticles unit becomes larger.
These hollow and porous structures are favorable for not only
improving the interfacial contact between the electrode and
electrolyte but also alleviating the volume expansion of the
electrode during the charge and discharge process. Meanwhile,
the nanosized particles can provide shorter paths for electron
transportation and Li* diffusion. The detailed structural features
of ZCO-0.5 were further characterized by TEM. Figure 3(i and j)
presents the images of the hollow structure, which has a
diameter of about 6 um and consists of many discrete nano-
particles with a size of around 50 nm. This result is in
accordance with the result calculated using the Scherrer
equation®?" (Table S1). Besides, the diffraction spots displayed
by the SAED patterns in Figure 3| prove that the microspheres
consist of crystalline nanoparticles. The HRTEM image in
Figure 3k shows interplane spacings of 0.24 and 0.27 nm,

corresponding to the (311) and (220) planes of ZnCo,0,,
respectively.

To more deeply understand the formation mechanism of
the uniform spheres created by the smooth cubic sub-micro-
particle structures, a series of experiments with different
reaction times were also performed. Figure 4 shows the TEM
images under different reaction time conditions (40, 45, 50, 55
and 60 min), revealing an evolutionary process. At first, nano-
sheets form (Figure 4a and b) and aggregate to flower-like
spheres (Figure 4c and d), which then become more significant
(Figure 4e). Subsequently, the nanosheets expand (Figure 4f
and g), cubic particles are generated and grow in-situ (Figure 4h
and i), and, finally, stack into a uniform sphere. The crystal
structure changes during this evolution process were analyzed
by XRD (Figure S5). The nanosheets and nanoflower-like spheres
have strong diffraction peaks around 10°, which is the
characteristic peak of metal glycerol carbonate.”® The reaction
of glycerol with urea proceeds slowly under low temperature
and without the catalyst. As the reaction proceeds, polymeric
monoglycerolate complexes of zinc and cobalt can act as
homogeneous catalysts to promote the synthesis of glycerol
carbonate. " Thus, the nanosheets gradually expand and
become porous. As the reaction time increases, ZnCO; and
CoCO; peaks appear with the appearance of the cubic particles.
This result means that as the reaction temperature increases,
the carbon dioxide produced by the decomposition of urea
forms more carbonates, which can continue growing in situ in

Figure 4. TEM images of the ZnCo-carbonate precursors under different reaction time conditions: 40 min (a, b); 45 min (c,d); 50 min (e); 55 min (f,g); 60 min
(h,i). Schematic illustration of the proposed aggregation-dissolution-in situ recrystallization growth mechanism (j).
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the nucleated part. This morphological evolution and phase
structure transformation process are different from those of
other works previously reported."**3¥ Thus, we propose a
growth process mechanism of aggregation-dissolution-in-situ
recrystallization for conveniently understanding the formation
of such microspheres. At the beginning of the reaction, the
metal glycerol carbonate nanosheets are formed and then
nucleated by oriented growth in order to achieve minimum
interfacial energies. As the orientation growth continues, the
initial nucleated structures self-assemble to form flower-like
spheres. Afterward, the nanosheets gradually expand and
become porous, followed by in-situ recrystallization of the metal
carbonate cubic particles. Finally, a microsphere consisting of
metal carbonate compound cubes with a smooth surface is
formed. This new formation mechanism, including the aggrega-
tion-dissolution-in-situ recrystallization process, is schematically
illustrated in Figure 4j.

The XPS spectra were obtained to investigate the surface
electronic states and compositions. The survey spectra, as
shown in Figure 5a, displays the peaks of Zn, Co, and O
elements as well as C from the reference. The Zn 2p spectra
contain two major peaks at ~1020.6 and ~1043.6 eV (Fig-
ure S6a), assigned to Zn 2p;, and Zn 2p,, of Zn®T,
respectively.®¥ In the case of Co 2p spectra, Figure S6b shows
two main peaks at ~779.1 and ~794.1 eV, corresponding to the
orbits of Co 2p;, and Co 2p,,, peaks, respectively. And a spin-
orbit splitting of around 15.0 eV, confirming the existence of
mixed Co*" and Co®*.® Two additional weak satellite peaks are
also observed at ~789 eV and ~804 eV, and the energy gap is
around 10 eV between the main peak and the satellite peaks,
further indicating the existence of Co®>".? In terms of the fitting
peak of Co2p;,, peaks in Figure 5¢, the relative atomic ratio of
Co®"/Co®" increase significantly from 2.04, 3.47, 4.55 to 5.21.
The ratio of 3.47 indicates that ZCO-0.5 comprises ZnCo,0,

(42.7%) and Co;0, (57.3%), coinciding with ICP-AES result
(Detailed calculation results are in the Supporting Information
on the bottom of Figure S6). The O 2p spectrum (Figure 5d) is
deconvoluted into three peaks at 533.57, 530.78 and 529.71 eV,
which are denoted as Oa (caused by the physically adsorbed
oxygen), Od (mainly assigned to the defect sites), and Ol
(associated with the lattice oxygen in the spinel ZnCo,0, phase
and Co,0, phase), respectively.**” It is worthwhile mentioning
that the relative percentages of Od are about 27.59%, 35.82%,
32.68%, and 30.67 %, respectively. Thus, ZCO-0.5 has much
more defect sites than others, which would provide more active
sites to promote the transport of lithium ions."

The electrochemical performances of the as-synthesized
samples were first evaluated by the CV test. Figure 6a gives the
first CV curve of ZCO-0, 0.5, 1and 2. The first cathodic cycle of
ZCO-0.5, 1 and 2 show the significant irreversible reduction
peaks at ~0.87 V, consistent with the decomposition process of
the ZnCo,0, and Co;0, to metallic Zn and Co (Eq. 1, 2),5* while
the peak moves to ~1.1V in the next cycle, manifesting a
different reaction pathway has occurred (Eq. 5, and 6). As the
Zn content increases, a weak cathode peak locating at 0.46 V
(ZCO-1) starts to appear and moves to 0.40 V (ZCO-2). This peak
has not been detected in the later cycles under all conditions,
indicating the reaction of Eq. 4 has occurred for the first cycle.
Besides, the anode peak recorded at 2.07 V can be ascribed to
the reaction of Eq.5 and 6, while another peak recorded at
~1.70V, attributed to the reversible reaction of Eq. 3, began to
appear and strengthen as the content of Zn increases.™
Figure 6b, c and S7 show the first three CV curves of ZCO, which
are almost overlapped starting from the second cycle, implying
the excellent cyclic stability and reversibility of the electro-
chemical reactions. Reaction kinetics can be obtained from CV
curves by analyzing the functional relationship between the
peak current and the scan rate, i=av’, where a and b are both

(@) | Survey (b) | zco-0 Co2p,, | (©)| zco0 ~ O1s
Co¥/Co*=2.04 Gl BB
88 o
88 °
n n I ~ 1 1 1 1 L L L L
=
3 Co*
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Zn LM2

Zn LM1
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Figure 5. XPS spectra and fitting results of ZCO-x: a) survey spectra, b) Zn 2p, c) Co 2p,, and d) O 1s.
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Figure 6. CV curves of a) 1st cycle plots of ZCO-x, b) the first three cycles of ZCO-0.5 and ¢) the first three cycles of ZCO-2 at a scan rate of 0.025 mVs ' in the
voltage window of 0.01-3.0 V. Galvanostatic discharge/charge cycling curves of d) ZCO-0, e) ZCO-0.5 and f) ZCO-2 at a current density of 1 Ag~". g) CV curves
of ZCO-0.5 at scan rates from 0.2 to 1.0 mVs~', h-i) relationship between the peak current and the scan rate.

constants. While b=0.5 means a diffusion-controlled redox
reaction is involved, and b=1 indicates that a surface
capacitive-controlled (pseudocapacitance) redox reaction is
achieved. As shown in Figure 6g and S8, the linear fitted b value
for the oxidation peaks are 0.679, 0.745, and 0.691, while for the
reduction peaks are 0.611, 0.686, and 0.633, respectively. ZCO-
0.5 possesses the maximum slope, suggesting a tendency for a
surface capacitive-controlled mechanism. This result is consis-
tent with the BET, SEM, and TEM analysis results, the small
particles can provide more specific surface areas and thus
increase the contribution of pseudocapacitance.

The electrochemical reactions can be clarified as follows in
Equations (1)—(6):

Co + Li,0 <> CoO + 2Li* + 2e~ 5)

3C00 + Li,O + Co;0, + 2Lit + 2e~ 6)

The galvanostatic charge/discharge performance of ZCO-x
electrode at 1 Ag™" are displayed in Figure 6d-f and S9. The first
discharge profile shows a sudden decrease to 1.06 V followed
by a plateau region “a” and finally a sloping region “b” in the
voltage region from 0.90 to 0.01 V,®® However, in the subse-
quent cycles, the plateau disappears, and a single slop is
observed. The region “a” is the result of structure destruction or
amorphization (Eq 1, 2), and region “b” is mainly caused by the
inactivation of the inserted lithium-ion and the generation of
SEl layer.’¥ ZCO-0 and ZCO-0.5 are consisting of only one

ZnCo,0, + 8Li* + 8¢~ — Zn + 2Co + 4Li,0 (1)  plateau region “a” at ~1.0 V, while ZCO-2 consisting a plateau
region at ~1.0V and a small plateau region at ~0.5V, which

Co;0, + 8Li" +8e~ — 3Co +4Li,0 (2)  can be ascribed to Eq. 4. This result is consistent with the CV
) ) analysis. The initial discharge and charge capacities of ZCO-0.5
Zn+Li" +e < Lizn () are 1567 and 1173 mAhg™, respectively, with a low initial
ZnO 4 2Li* + e~ — Zn + Li,0 @ Coulombic Efficiency (CE) of 75%. Furthermore, the discharge
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tively, demonstrating the super stability of ZCO-0.5. Notably, all
of them are higher than the theoretical capacities of ZnCo,0,
(903 mAhg™) and Co;0, (890 mAhg™), and this phenomenon
also occurs in other transition metal oxides, which is mainly
ascribed to the synergistic effects of these reasons mentioned
below: the formation of polymeric gel-like film on account of
electrolyte degradation, the lithium-ion storage process at the
interface and the presence of mesoporous structures.2" " |t
must also be mentioned that the initial CE for ZCO-0.5, 1, and 2
is 75%, 73%, and 72%, respectively. This decrease mainly
results from the formation of SEI film caused by the existence of
Zn. This phenomenon is in accordance with CV discussion.

The cycling performance of ZCO-0, 0.5, and 2 (Figure 7a)
were firstly tested at a current of 1 Ag™' for 100 cycles. For the
first cycle, all of the batteries are running at the current density
of 100mAg™' to activate the electrode,”™ and the initial
discharge capacities are 1535, 1568, and 1537 mAhg™', respec-
tively. The second cycle discharge capacities are 985, 1105, and
927 mAhg™, respectively. After 100 cycles, ZCO-0.5 possesses
the highest specific capacity of 1153 mAhg™' (1043% reten-
tion), while ZCO-0 and ZCO-2 only remain 398 mAhg™"' (40.4%
retention) and 523 mAhg™' (56.4% retention), respectively.
Consequently, proper doping of Zn can significantly improve
cycle stability.

The rate capability was evaluated at various current
densities ranging from 0.2 to 4 Ag™' (Figure 7b). As expected,
ZCO-0.5 reveals the best rate performance with the discharge
capacity of 1042, 1045, 1014, 946, 842 mAhg ' at current
densities of 0.2, 0.5, 1, 2 and 4 Ag™’, respectively. Moreover,
after the current density returns to 0.5Ag~', the specific
capacity of ZCO-0.5 and 1 (recovers to1190 and 969 mAhg™) is

even larger than before (1042 and 928 mAhg™), which is
mainly due to the activation of the electrode.*” It should be
pointed out that as the ratio of Zn increases (from 0 to 2), the
performance first gets better and then worsens. The reason for
the better performance is that stable ZnCo,0, significantly
improves rate capability."**® However, as the ratio further
increases, the size of nanoparticles becomes larger, resulting in
significant volume expansion and further deteriorating the rate
performance.

To further prove the performance advantage of this sample,
a high-rate and long-term cycle was carried out. Figure 7c
shows that ZCO-0.5 still owns the highest retained capacity of
754 mAhg™" after 800 cycles at current densities of 2 Ag™' than
others. The coulombic efficiency is very close to 100% all over
800 cycles, which demonstrates good reversibility of the
electrode. In comparison, the retained capacity of ZCO-0 and 2
are only 294 and 390 mAhg™', respectively. Another interesting
finding is that the discharge capacity of ZCO-0.5 gradually
decreases to 660 mAhg™' in the first 200 cycles, and increases
in the next 300 cycles step by step and maintain about
754 mAhg™' after 800 cycles. Such phenomenon often occurs
in some transition metal oxides as reported in previous
literature.">*¢ Thus, this hierarchical hollow ZCO microsphere
possesses excellent cycle performance and stability. To further
confirm that ZCO-0.5 is the best choice, the cycling perform-
ance of ZCO-0.2 was tested at a current of 1 Ag™' and shown in
Figure S10. After 100 «cycles, ZCO-0.2 only possesses
762 mAhg™". This result further proves that ZCO-0.5 is the best
choice. Besides, the SEM images of ZCO-x after 100 cycles at
current density of 1 Ag™' are showed in Figure S11. The SEM
images clearly illustrate that most of ZCO-0.5 retained the
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Figure 7. a) Cycling performance of ZCO-x at a current of 1 Ag™' accompanied with corresponding CEs. b) Rate performance of ZCO-x at various rates. c)
Cycling performance of ZCO-x at a current of 2 Ag™" accompanied with corresponding CEs.
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spherical structure so that it can maintain high stability during
cycling. Only some of ZCO-0 and 1 kept the spherical structure,
while ZCO-2 has completely collapsed without any spherical
structure.

EIS was used to study the kinetic parameters, which consist
of the mass transfer process in two phases and the charge
transfer process in a two-phase interval. Figure 8(a) shows the
equivalent circuit diagram, in which R represents the internal
resistance caused by the electrode and electrolyte, Rct and CPE
are the faradic charge transfer resistance and the double-layer
capacitance, respectively, and W is the Warburg resistance.””
The Nyquist plots of different samples before cycling are shown
in Figure 8b, consisting of a semicircular segment at high
frequency caused by Rct and CPE, and a slope segment at low
frequency attributed to the existence of Warburg resistance.
ZCO-0.5 has the smallest semicircle diameter compared with
the others, indicating that it possesses a more stable surface
film and faster charge transfer.®? Meanwhile, Table S2 shows
that ZCO-0.5 has a smaller Rct compared with ZCO-0, suggest-
ing that the size of the nanoparticles and the synergism of the
bimetals can simultaneously enhance conductivity. Nyquist
plots of ZCO-0.5 with different cycle numbers were also tested
and are shown in Figure 8¢, and their fitting data are in
Table S3. As the number of cycles increases, the internal
resistance gradually increases (from 6.34 to 11.04 Ohm), which
causes a decay in the capacity. In Figure 8d, o is also calculated,
which is inversely proportional to the square root of the
diffusion coefficient. Impressively, there is no significant differ-
ence between the data of 100 cycles and 200 cycles, which
means that the sample has excellent cyclic stability.”®

Overall, the ZCO-0.5 exhibits outstanding lithium storage
properties compared with the ZCO-0, 1, and 2, and many
previously reported cobalt-based nanostructures (Table S4). The
improved lithium storage performance of the hierarchical
hollow microstructure ZCO could be attributed to the following
reasons: first, the nanosized structural subunits and the
synergism of the bimetal can simultaneously promote charge
transfer at the electrode and electrolyte interface, ensuring

excellent electrochemical activity. Second, the ZCO hybrid can
integrate the high stability of ZnCo,0, and high capacity of
Co,;0, and improve the lithium storage performance. Further-
more, the unique hollow architecture with high porosity can
increase the contact area between the electrode and electro-
lyte, as well as relieve volume expansion during cycles,
exhibiting enhanced rate capability and cycling stability.

3. Conclusions

We fabricated a hierarchical hollow Co;0,/ZnCo,0, microsphere
with rational porosity, superior rate capability, and ultralong
cycle life. Based on the morphology evolution and phase
transformation process, we proposed an aggregation-dissolu-
tion-in-situ recrystallization growth mechanism. The nanopar-
ticle subunits and the synergism of the bimetal simultaneously
promote the electrical conductivity, which is verified by EIS
analysis; the unique hierarchical hollow structure with high
porosity relieves the volume expansion and increases the
contact area between the electrode and electrolyte. Moreover,
the mixture of Co;0, and ZnCo,0, inherits their advantages of
higher capacity and higher stability, respectively. The as-
prepared hierarchical hollow Co;0,/ZnCo,0, microsphere exhib-
its outstanding lithium storage properties with a high capacity
of 754 mAhg™' at a current density of 2 Ag™" after 800 cycles as
the anode materials for LIBs. This strategy can be easily applied
to synthesize mixed metal oxides with hierarchical hollow
structures.

Experimental Section

Material Preparation

ZnCo-carbonate precursors were synthesized through a modified
solvothermal method. In brief, 8 g of urea, 0.875 g of CoCl,-6H,0,
and different masses of ZnCl,-6H,0 (0, 0.251, 0.502, and 1.004 g)
were dissolved into a solution with 17.5 mL of H,0 and 52.5 mL of

@ R CPE
Ret W
80
b ¢ 100
( )2000 L = ZCO-0 © ® st Fitting curve of Ist @
e ZCO-0.5 L) 100th Fitting curve of 100th 90
a ZCO-1 60t A 200th Fittipg curve of 200th
~1500L o 7co-2 ~ 80
g g g
2 3, 40l &=
N1000 | N & 70
500 Fitting curve of ZCO-0 201 60
Fitting curve of ZCO-0.5
—— Fitting curve of ZCO-1 50
0 . . —— Fitting curve of ZGO-2 0 "
0 500 1000 1500 2000 2500 30 60 90 120 0.4 0.8 1.2 1.6 2.0 24
(W) zZ (W) win

Figure 8. a) Equivalent circuit model. b) Nyquist plots of ZCO-x before cycling. c) Nyquist plot of Zn—Co-0.5 after different cycles. d) The linear relationship

between Zre and w2,
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glycerol at room temperature under stirring. After being stirred for
1h, the solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave, which was sealed and gradually heated to
180°C for 12 h. After cooling to room temperature, the obtained
precursors were washed with DI water and ethanol several times
and dried at 80°C overnight. Finally, the obtained composites, after
being calcined in air at 600°C for 3 h with a heating rate of 4°C/
min, were labeled as ZCO-0, ZCO-0.5, ZCO-1, and ZCO-2. Experi-
ments using different molar ratios of Zn/Co (0, 1, and 2) were also
synthesized with the same method.

Material Characterization

Scanning electron microscopy (SEM) images were obtained using a
Sirion 200. Transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) measurements were collected on a JEOL
JEM-2100F with an acceleration voltage of 200 kV. X-ray diffraction
(XRD) patterns were recorded on a Rigaku Ultima IV X-ray
diffractometer with a Cu—Ka radiation source (10°/min from 10 to
80°). X-ray photoelectron spectroscopy (XPS) spectra were tested
with an AXIS ULTRA DLD. Thermal gravimetric analyses (TGA) were
measured using a Pyris 1 TGA under air atmosphere with a heating
rate of 10°C/min. Inductively coupled plasma optical emission
spectrometry (ICP-OES) analyses were performed on an iCAP7600.
The Brunauer-Emmett-Teller (BET) specific surface area and the
analysis of the porosity were performed through measuring N,
adsorption-desorption isotherms at 77 K using an Autosorb-1Q3.

Electrochemical Measurements

All of the cells were assembled using CR2016 coin-type half-cells in
a glovebox with water/oxygen content lower than 0.5 ppm, and all
of the electrochemical experiments were carried out at room
temperature. The working electrodes were prepared by coating a
paste containing 70 wt.% of the active material, 20 wt.% of
acetylene black, and 10 wt.% of polyvinylidene difluoride (PVDF)
onto a Cu foil and drying in a vacuum oven at 100°C overnight.
The average mass loading of the active material was about 0.8 mg.
The electrolyte was 1M LiPFg dissolved in an EC/DMC/EDC
(1:1:1 wt.) solution. Lithium foil was used as the counter electrode.
The galvanostatic charge/discharge tests were conducted on a
LAND cycler in a voltage range of 0.01-3.0 V. Cyclic voltammetry
(CV) measurements were performed at a scan rate of 0.025 mVs™'
with a voltage window of 0.01-3.0 V on a CHI 660D electrochemical
workstation. Electrochemical impedance spectroscopy (EIS) data
were recorded on a PARSTAT 4000 electrochemical workstation at a
frequency range from 100 kHz to 0.01 Hz with an amplitude of
5mV.
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