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ABSTRACT: Mastery over the structure of nanoscale materials can effectively tailor and
regulate their electrochemical properties, enabling improvement in both rate capability and
cycling stability. We report the shape-controlled synthesis of novel mesoporous
bicomponent-active ZnO/CoO hierarchical multilayered bipyramid nanoframes
(HMBNFs). The as-synthesized micro/nanocrystals look like multilayered bipyramids
and consist of a series of structural units with similar frames and uniform sheet branches.
The use of an appropriate straight-chain monoalcohol was observed to be critical for the
formation of HMBNFs. In addition, the structure of HMBNFs could be preserved only in
a limited range of the precursor ratio. An extremely fast crystal growth process and an
unusual transverse crystallization of the ZnCo-carbonate HMBNFs were newly discovered
and proposed. By calcination of ZnCo-carbonate HMBNFs at the atmosphere of nitrogen
and air, ZnO/CoO and ZnCo,0, HMBNFs were obtained, respectively. Compared to the
ZnCo,0, HMBNFs, the ZnO/CoO HMBNFs with a uniform distribution of nanocrystal
ZnO and CoO subunits exhibited enhanced electrochemical activity, including greater rate

capability and longer cycling performance, when evaluated as an anode material for Li-ion batteries. The superior electrochemical
performance of the ZnO/CoO HMBNFs is attributed to the unique nanostructure, bicomponent active synergy, and uniform

distribution of ZnO and CoO phases at the nanoscale.

KEYWORDS: bipyramid, nanoframes, synergistic effect, lithium-ion batteries, anodes

1. INTRODUCTION

As a family of important power carriers, rechargeable Li-ion
batteries (LIBs) have exhibited indispensability in various
aspects of everyday life, including mobile devices, renewable
energy storage, electric vehicles, and smart grids.' > To satisfy
the ever-growing demands of these applications, further
improvements in energy density, rate capability, and cycle life
are definitely required.””” A commercial carbon-based anode is
currently used in LIBs; however, other new candidate anode
materials have been explored because the theoretical capacity of
the carbon-based anodes is only 372 mA h g~'. Among these
candidates, transition metal oxides (TMOs) with higher specific
capacities, such as CoO, Co;0, MnO,, and Fe,0,; are
considered promising anode materials.*™"" Nevertheless, the
great volume change during lithiation and delithiation process
results in the pulverization and agglomeration of electrodes,
resulting in fast capacity fading, poor rate capability and low
cycle stability.”® Recently, many improvements have been
demonstrated by finely tailoring these TMOs to composite
materials. One common method is to integrate TMOs with
graphene or carbon matrices; examples of such materials
include MoOz/grapheme,12 CoO/grapheme,13 Fe,0,/C,'*
SnOx/C,"> FeOx@C,'® and CoO/C,”"” which have been
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studied widely. The main advantage is that the improved
conductivity of electrode materials, to some extent, can afford
better lithium-ion storage behaviors. Another approach is to
combine different types of TMOs, which opens up the
possibility of achieving a higher capacity through the interaction
of electroactive materials involved. Driven by their attractive
advantages, numerous researchers have explored hybridized
materials. Multistep routes are commonly used to fabricate
hybrid materials, wherein the second material forms with the
first material as the matrix. However, the resultant hybrid
materials are characterized by a random and uneven
distribution of components. Thus far, few documents have
reported the endeavors of composites with a homogeneous
dispersion of constituents, such as CoO/CoFe,0,"" ZnO/
ZnFe,0,," and Co;0,/CoFe,0,.”° Hence, enhancing the
properties of these hybrid materials as LIB electrode materials
that exhibit both long cycle stability as well as high capacity

retention remains a significant challenge.
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Figure 1. Morphological and structureal characterization: (a—c) FESEM images of Zn,33C04,CO; HMBNFs; (d—f) ZnO/CoO HMBNFs; (g—i)
ZnCo,0, 3D HMBNFs; (j) schematic of the process of preparing ZnO/CoO HMBNFs and ZnCo,0, HMBNFs; (k) XRD patterns of ZnO/CoO

HMBNFs; and (1) XRD patterns of ZnCo,0, HMBNFs.

Assembled TMOs have attracted ever-increasing attention,
especially the 3D porous hierarchical structures consisting of
nanosized subunits. These materials offer prominent superiority
when used as LIB anodes. First, nanostructured materials not
only can provide high contact area for active materials and
electrolytes but also shorten the Li* diffusion path. Second, the
features of porous structures can relieve the pulverization and
agglomeration caused by the volume change, helping the
electrode maximize contact with the electrolyte and offering a
buffer for volume expansion and contraction. Furthermore, the
structural voids constructed by nanometer-size particles can
promote the penetration of electrolyte and the intercalation of
Li" by providing numerous suitable porous channels. Because
of their combination of the aforementioned notable features,
porous nanocomposite architectures are an ideal electrode
candidate. In particular, the structure configuration of

homogeneously integrated TMO nanocomposites provides an
effective approach to enhancing the electrochemical perform-
ance. Notably, the nanocomposites (NCs) that have been
previously reported are usually a combination of binary and
ternary TMOs (biter-NCs); the literature contains few studies
involving the hybridization of two binary TMOs (bibi-
NCs)."*~*° Moreover, a stable and long cycling performance
with high reversible capacity has not been satisfactorily achieved
in the previous works.""">° 3D hybrid porous hierarchical
microstructures fulfill the practical requirements as well as
represent a fascinating and significant potential. Therefore,
further investigations are needed to develop more efficient
assembly motifs of bibi-NCs to obtain materials with excellent
electrochemical performance.

Herein, we have prepared a novel, well-designed bibi-NC
system-micro/nanostructured ZnO/CoO hierarchical nano-
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hybrids-via calcination of a ZnCo-carbonate precursor
prefabricated by a facile solution-based method under an N,
atmosphere. As far as we know, this work represents the first
report of the fabrication of mesoporous ZnO/CoO hierarchical
multilayered bipyramid nanoframes (HMBNFs). The obtained
bipyramid-shaped micro/nanocrystals are composed of a series
of similar sheet branches. When the precursor is annealed in air,
ZnCo,0, HMBNFs can be instead attained. Variation of the
amount of NH,HCOj involved in the system could optimize
the preparation of HMBNFs. The structure of alcohol was
observed to be critical to the formation of HMBNFs.
Furthermore, the morphological evolution of the corresponding
precursor was investigated in detail. More interesting is that an
unusual fast-growth mechanism and an extraordinary morphol-
ogy change during the crystallization process were observed for
the first time. In general, when ZnO and CoO have been used
independently as LIBs, their drastic volume change during
lithiation and delithiation process and poor inherent electronic
conductivity lead to poor cycling stability and rate capability.
However, when tested as anodes for LIBs in this work, both
Zn0O/CoO0 and ZnCo,0, HMBNFs exhibited superior electro-
chemical performance. More surprisingly, ZnO/CoO exhibited
better performance, with superior cycle stability and greater
reversible capacity compared to ZnCo,0,. The excellent
electrochemical activity of ZnO/CoO is attributed to the
unique configuration of HMBNFs and synergetic effects of the
different components demonstrated by lots of reports.

2. MATERIALS AND METHODS

2.1. Synthesis of ZnO/CoO Hierarchical Multilayered
Bipyramid Nanoframes (HMBNFs). The detailed synthesis process
of ZnO/CoO HMBNFs was described as follows: 022 g of
Zn(CH;COO0), 2H,0 (1 mmol), 0.5 g of Co(CH;CO0),-4H,0
(2 mmol) and 1.2 g of NH,;HCOj; (15 mmol) were dissolved in S0 mL
of n-pentanol under magnetic stirring. After 40 min of stirring, the
transparent mixture solution was transferred into a 75 mL Teflon-lined
autoclave and maintained at 200 °C for 20 h. The product was deep
pink precipitates and centrifuged with deionized water and absolute
ethanol several times. Finally, the deep pink powders was obtained as
the precursor after drying at 60 °C for 12h. The green powder (ZnO/
Co0) and the black powder (ZnCo,0,) were obtained by annealing
the precursor at 600 °C for 6 h in nitrogen and air, respectively.

2.2. Characterization of Materials. The products were
characterized by X-ray diffraction powder (XRD, Philips X'Pert Pro
Super diffractometer, Cu Ka radiation, 4 = 1.54178 A). The
morphology, dimension and chemical composition of the samples
were analyzed using transmission electron microscopy (TEM, JEOL
JEM 1011), field emission scanning electron microscopy (FESEM,
JEOL JSM-6700F), and high-resolution transmission electron
microscopy (HRTEM/EDX, JEM-2100F, 200 kV). Thermogravimet-
ric analysis (TGA, PerkinElmer Diamond TG/DTA apparatus) was
performed at a heating rate of 10 °C min™" in flowing air and N,,
respectively. The texture properties of the products were measured by
N, adsorption—desorption isotherms (Micromeritics Automatic Sur-
face Area Analyzer Gemini 2360, Shimadzu) at 77 K. The surface
feature and pore size distribution of the products were tested by
Brunauer—Emmett—Teller (BET) method. The chemical states of the
products were studied by X-ray photoelectron spectroscopy (XPS,
VGESCA-LABMK 1I spectrometer, with a twin-anode Al Ka (1486.6
eV) X-ray source. All the binding energies were calibrated using C 1s
peak (284.6 eV) as a reference.

2.3. Electrochemical Characterization. The electrochemical
measurements were performed via 2032 coin-type cells assembled in
an argon-filled glovebox with the concentrations of H,0O and O, below
0.2 ppm. To obtain the working electrodes, the samples, conductive
material (acetylene black) and binder (carboxymethylcellulose sodium,
NaCMC) were mixed in a weight ratio of 70:20:10. The black green

slurry was pasted on the pure copper foil and dried at 80 °C in
vacuum. The mass loading, the diameter, and the thickness of the
working electrode materials is about 1 mg cm™2, 12 mm, and 200 ym,
respectively. Lithium metal foil of 14 mm in diameter was used as both
the counter electrode and the reference electrode. The electrolyte was
a mixture containing 1 M LiPFg in ethylene carbonate, dimethyl
carbonate, diethyl carbonate in a volume ration of 1:1:1 purchased
from Samsung Chemical Corporation. The galvanostatic charge/
discharge measurements tested by CT2001A LAND Cell test system.
The electrochemical performance was carried out at various current
densities in the voltage range of 0.01—3.00 V.

3. RESULTS AND DISCUSSION

As shown in Figure la, b, the field-emission scanning electron
microscopy (FESEM) images reveal the high yield of uniform
Zny33C04,CO; HMBNFs with an average length of ~1 um
(denoted as the length along the aligning direction of the
bipyramids, marked by arrows in Figure 1b). As evident in the
higher-magnification image in Figure 1c, the HMBNFs are
stacked by 2D nanosheets in a certain order; the corresponding
X-ray diffraction (XRD) pattern is provided in the Figure SI.
According to the thermogravimetric analysis (TGA) results
(Figures S2 and S3), after the HMBNFs were annealed under
N, at 600 °C, the multilayered nanohybrid ZnO/CoO
HMBNFs were achieved, whereas the multilayered ZnCo,0,
HMBNFs were obtained after the HMBNFs were annealed
under air at 600 °C. Despite thermal decomposition, both
ZnO/CoO and ZnCo,0, well-maintained the parental
morphology of Zng33;Coys,CO; HMBNFs without structural
collapse, as indicated by the FESEM images in Figure 1d—-f
and Figure 1g—i, respectively. The HMBNFs are also highly
uniform, with a size distribution similar to that of the
Zn33C0y6,CO; precursor. The surfaces of these crystals
become much rougher, and clear grain boundaries are obvious
to be observed, suggesting the generation of a porous structure.
The high-magnification FESEM images shown in Figure 1f, i
further detail the resembling porous architecture, which is
assembled by numerous smaller nanosized subclass building
blocks in both samples.

As illustrated in Figure 1j, under different heat-treatment
conditions, the precursor was transformed into two different
products, namely multilayered hybrid ZnO/CoO and ZnCo,0,
HMBNFs. The diffraction peaks of (100), (002), (101), (102),
(110), (103), (112), and (201) in Figure 1k are indexed as
hexagonal ZnO (JCPDS card No. 36—1451). The remaining
diffraction peaks of (111), (200), (220), (311), and (222) are
defined as well-crystallized hexagonal CoO (JCPDS card No.
48—1719). No peaks due to impurities are present here,
indicating that layered ZnO/CoO HMBNFs consist of only
crystalline ZnO and CoO. All the diffraction peaks in the XRD
pattern in Figure 1i are assigned exclusively to cubic spinel
ZnCo,0, (JCPDS Card No. 23—1390) with good crystallinity;
no peaks are attributable to impurities. In this spinel structure,
Zn** occupy the tetrahedral sites and Co’* occupy the
octahedral sites.”' Further characterization of surface informa-
tion and element valence with X-ray-photoelectron-spectrosco-
py (XPS) in the Figure S4. On the basis of the analysis results
of XRD and XPS, ZnO/CoO and ZnCo,0, are confirmed as
the products obtained under N, and air atmospheres,
respectively. The specific surface area and porosity of the
hybrid ZnO/CoO and ZnCo,0, were investigated by nitrogen
adsorption/desorption at 77 K (Figure SS). The observed
hysteresis feature is a typical type-IV isotherm with an H2-type
loop, reflecting the mesoporous nature of the ZnO/CoO and
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Figure 2. (a—e) TEM and HRTEM images of ZnO/CoO HMBNFs; (f) STEM image of ZnO/CoO HMBNFs and the corresponding elemental
mapping images of Zn, Co, and O. (g—k) TEM and HRTEM images of ZnCo,0, HMBNFs; (1) STEM image of ZnCo,0, HMBNFs and the

corresponding elemental mapping images of Zn, Co, and O.

ZnCo,0, crystals. The pore size distribution curves are shown
as the inset in Figure SS. Both ZnO/CoO and ZnCo,0,
HMBNFs exhibit a monomodal pore distribution, with mean
pore sizes of 14.9 and 22.5 nm, respectively, and with pore sizes
that range from 4 to 48 nm and from 4 to 46 nm, respectively.
A small number of macropores in the range between 46 and
150 nm is also detectable in the ZnCo,0, HMBNFs, which
results from interparticle spaces. The specific BET surface areas
of ZnO/CoO and ZnCo,0, were determined to be 23.2 and
16.7 m* g/, respectively.

The TEM images of several layered ZnO/CoO HMBNFs in
Figure 2a, b are consistent with the aforementioned FESEM
images that indicated the layered structure comprises many
nanosized subunits. High-resolution TEM (HRTEM) images
(Figure 2c—e) further prove that both ZnO and CoO exhibit
fine crystallization in the ZnO/CoO HMBNFs. The two lattice
fringes in the HRTEM images (Figure 2d, e), with fringe
distances of 0.21 and 0.28 nm, correspond to d-spacings of
(200) o0 and (100),,0, respectively, which further confirms
the coexistence of CoO and ZnO. The TEM and HRTEM
images of ZnCo,0, HMBNFs are also provided in Figure 2g—

k, which clearly display that the layered structure is assembled
by numerous nanosized subunits. The 0.467 and 0.287 nm
values can be assigned to the (111) and (—220) interplane
spacings of ZnCo,0O,, respectively. To investigate the elemental
distribution of Zn, Co, and O, we carried the ZnO/CoO
HMBNFs out by scanning transmission electron microscopy
(STEM). As illustrated in Figure 2f the obtained mapping
panels reveal that Zn, Co and O have a high quality of
homogeneous distribution in the ZnO/CoO hybrids. Fur-
thermore, the Zn/Co atomic ratio measured from the energy-
dispersive X-ray spectroscopy (EDX) spectrum is 1.04:2
(Figure S6), which is consistent with the stoichiometric ratio
of 1:2 for the phase-pure Zn,;3Co0,4s,CO; precursor. The
detailed STEM investigation of ZnCo,0O, is presented in Figure
2l. EDX analysis confirms the formation of ZnCo,0O, with Zn,
Co, and O as the principal elemental components and a Zn/Co
molar ratio of 1.01:2 (Figure S7), which is in accord with the
stoichiometric ZnCo,0,. The STEM and EDX elemental maps
clearly indicated a uniform spatial distribution of Zn, Co, and O
in the ZnO/CoO and ZnCo,0, HMBNFs.
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Figure 3. TEM images of the precursors at different stages: (a, b) 82 min; (c) 85 min; (d) 87 min; (e—i) 90 min; (j, k) 95 min; (1) 100 min; and (j)
schematic illustration of the growth mechanism for Zng3;Coy,CO; HMBNFs.

To explore the role of n-pentanol in the synthesis of ZnCo-
carbonate HMBNFs, we conducted a set of experiments by
replacing n-pentanol with other alcohol species while keeping
the other parameters unchanged. In the presence of ethanol,
mixtures of uneven HMBNFs similar to the typical products
and a small amount of spherical hierarchical structures appeared
in the final sample (Figure S8a,b). However, as n-pentanol was
replaced by polyols such as ethylene glycol or glycerol, the
shape of the obtained crystals changed drastically (Figure S8c—
f). By comparison, longer straight-chain monoalcohols in the
reaction system, i.e. pentanol, could better prompt the
formation of micro/nanocrystals assembled by subunits along
a specific crystallographic direction than short ones, ie,
ethanol. On the basis of the comparative preliminaries and
analyses, the formation of HMBNFs closely pertains to the
molecular structure and polarity of n-pentanol. In addition, the
experimental results also indicate that the amount of
NH,HCO; used in the synthesis is another main factor
influencing the shape of the final ZnCo-carbonate sample. As
shown in the panoramic FESEM image of Figure S9a, a large
quantity of uniform ZnCo-carbonate microspheres was
obtained instead of ZnCo-carbonate HMBNFs. Further
observation of the high-magnification FESEM images in Figure
S9b reveals that numerous quasi-cuboids pile up tightly into
microspheres with an average diameter of 3—4 pum. This

observation indicates that variation of the amount of
NH,HCO; is a useful way to control the size and morphology
of the product.

To understand the morphological evolution of the
corresponding precursor Zng33Co,¢,CO; HMBNFs, we
studied the TEM images of the samples in different reaction
times, as shown in Figure 3. At the initial stage of the reaction
(82 min, Figure 3ab and 85 min, Figure 3c), numerous
flakelike nanoparticle aggregates were obtained; multilayered
nanoflake bundles subsequently began to emerge. At 87 min
(Figure 3d), hierarchical twin-urchin-spheres formed as more
flakes continuously stacked. When the reaction time was
prolonged to 90 min (Figure 3e—i), some flakelike nano-
particles started to appear on the 3D hierarchical twin-urchin-
spheres. At 95 min, a mixture of twin-urchin-spheres, flakelike
nanoparticles and HMBNFs was obtained (Figure 3j, k).
Meanwhile, the number of twin-urchin-spheres and flakelike
nanoparticles gradually decreased, and these structures
subsequently disappeared completely. No obvious change in
the morphologies of HMBNFs was observed upon further
extension of the reaction time to 100 min or even to 20 h
(Figures 3l and la—c).

The crystal structure of the product during different time
periods was further characterized by XRD presented in the
Supporting Information (Figure S10). Curves a—c in Figure
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S10 correspond to reaction times of 82, 85, and 87 min,
respectively. No diffraction peak appeared, suggesting that the
samples formed were amorphous. When the reaction time was
increased to 90 min, weak peaks of ZnCo carbonate were
observed, accompanied by the appearance of flakelike nano-
particles. Several of the flake-like particles in the HRTEM
images in Figure S11 exhibit uniform lattice fringes with an
interplanar distances of 0.20 nm, corresponding very well with
the (202) crystal planes of Zny33Co44,CO5 which further
confirms that the flakelike particles were crystallized carbonate.
The pure and well crystallized phase of ZnCo carbonate was
prepared when the reaction time was prolonged to 95 min. The
final product with a complete structure of HMBNFs was
formed when the reaction time was further extended to 100
min.

Notably, the whole morphological evolution process of the
precursor Zn,33Cog¢,05 occurred within 20 min, which is fast
for a crystallization process. Interestingly, the 3D hierarchical
twin spheres with an urchinlike structure in Figure 3e did not
maintain their morphology, unlike the samples described in
previous papers in which the reaction time was prolonged,”* >’
nor did they evolve into 3D twin spheres upon nanoparticle
assembly.”® As shown in Figure 3f accompanying the
crystallization process of ZnCo-carbonate, the transverse
nanorods differed in appearance from the longitudinal ones
in the two heads of the twin urchinlike spheres; this difference
is evident in the magnified images (Figure 3g, h). As shown in
Figure 3j, more nanoflakes are formed to construct one
multilayered pyramid-like structure and the rest of the region is
assembled with transverse nanorods from various angles. Figure
3k shows an almost complete structure of a multilayered
bipyramid nanoframe and a small number of transverse
nanorods. On the basis of the aforementioned results and
analyses, the growth process for Zng33;Cog4,CO; HMBNFs is
schematically explained in Figure 4. With respect to the
generation of architectures, the process usually involves
postarrangement of prefabricated building blocks; this post-
arrangement is induced by numerous driving forces, including
capillary effects, surface tension, electric and magnetic
forces.”’~® Here, architectures are constructed from building
units formed in situ’’ In this regard, freshly generated
nanofibers cement together side-by-side along the longitudinal
direction, undergoing oriented attachment to develop into
larger crystals.”® Simultaneously, nanoflakes self-assemble into
framelike hierarchical structures. Notably, in our system, no
capping agent was used to protect the nanoflakes. Prompted by
the inclination to reduce the surface energy, assembly was apt
to occur in face-to-face mode, constricted by the intrinsic
geometry.

The electrochemical performance of ZnO/CoO and
ZnCo,0, HMBNFs was investigated as the anode materials
of LIBs. The cyclic voltammetry (CV) curves of ZnO/CoO
HMBNFs has been shown in Figure S12a, a sharp peak at 0.56
V in the first cycle leads to the transformation of ZnO/CoO to
Co and Zn. The peaks between 0 and 0.4 V are well-known due
to the Li—Zn alloying process. Meanwhile, two broad peaks in
the range of 0.8—1.1 V and 1.3—1.5 V, different from the one in
the first cathodic process, are present in the subsequent
processes which could be attributed to structural reorganiza-
tion, new phase formation, and polarization change in the
electrode material.'®"? Then, two broad oxidation peaks
present at 1.6 and 2.0 V and shifted to 1.6 and 2.1 V can be
attributed to the phase transformation of Co to CoO and Zn to

v

v

Figure 4. Schematic illustration of the growth mechanism for ZnO/
CoO HMBNFs: (I) formation of numerous flakelike nanoparticle
aggregates; (II) formation of multilayered nanoflake bundles; (III)
formation of 3D hierarchical twin-urchin-spheres; (IV) formation of
Zny3;Coyc;CO3 HMBNFs; (V) formation of ZnO/CoO HMBNFs by
thermal decompostion in nitrogen.

ZnO. The CV curves of ZnCo,0, HMBNFs have been shown
in Figure S12b, wherein, in the first cathodic process, a distinct
irreversible peak at about 0.71 V was observed. It could be
attributed to the reduction of ZnCo,O, to metallic Zn and Co.
the peaks between 0 and 0.4 V are ascribed to the Li—Zn
alloying process as well. In the first anodic process, there are
two broad peaks observed at 1.7 and 2.1 V corresponding to the
oxidation reactions of Zn to Zn** and Co to Co>*. Moreover,
the following two anodic processes did not show obvious
change in position of the oxidation peaks. By comparison with
the first cycle, the reduction peak at about 1.1 V had a
prominent voltage shift in the second and third cycles,
indicating a different electrochemical mechanism and stability
since the second cycle. It should be noted that they indicated
similar electrochemical features and there was no great
difference in the first three consecutive CVs especially the
anodic process. Therefore, according to the results of the CVs
in the only first several cycles, it is difficult to ensure the
differences for their long cycling performance only by CV, the
main reason for the better electrochemical performance could
be originating form its bicomponent-active structural feature
that could benefit ion diffusion and buffer the volume change
during the long electrochemically cycling.

Figure Sa displays the galvanostatic charging and discharging
profiles of ZnO/CoO at a current density of 1 A g™". It delivers
a capacity of 1034 mA h g~' during the initial discharge process
and a relative low charge capacity of 781.3 mA h g~ with a
Coulombic efficiency (CE) of approximately 75.5%. The
irreversible capacity loss is likely arised from the formation of
a solid electrolyte interphase (SEI), which is observed in anode
materials.””~* Notably, no obvious changes were observed
between the 30th and 50th cycles, indicating that the ZnO/
CoO anode exhibits good stability during the cycling process.
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Figure 5. (a) Charge—discharge curves of ZnO/CoO at a current of 1 A g™". (b) Rate capability of ZnO/CoO. (b) Rate capability of ZnO/CoO at
various rates. (c) Cycling performance of ZnO/CoO after the rate test. (d) Cycling performance of ZnO/CoO and ZnCo,0, at a current density of
1 Ag™". (e) Cycling performance of ZnO/CoO at a current density of 2 A g™". (f) Cycling performance of ZnCo,0O, at a current density of 2 A g™".

As an important electrochemical characteristic, the rate
capability is present in Figure Sb. The reversible capacity of
Zn0O/CoO was 725, 703.8, 652.7, 602.2, and 517.4 mA h g_l,
which was tested at 0.2, 0.5, 1, 2, and 4 A g~', respectively.
When the current density was finally back to 1 A g™, the
reversible capacity was 645 mA h ¢! even after 300 cycles,

recovering about 98.8% from the first capacity (Figure Sc),
suggesting that the ZnO/CoO anode exhibits extremely long
cycle life. On the other hand, the rate performance of ZnCo,O,
was also examined, as shown in Figure Sb. The reversible
capacity of ZnCo,0, was 915, 895, 860, 800, and 680 mA h
g~ ',which was measured at the current densities of 0.2, 0.5, 1, 2,
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Figure 6. Schematic illustration of the Li* insertion—extraction process for ZnO/CoO HMBNFs.

and 4 A ¢!, respectively. These results indicate that the
performance of the ZnCo,0, anode does not substantially
differ from that of the ZnO/CoO anode. Notably, however,
when the current density was returned to 1 A g™, a reversible
capacity of 540 mA h g™' was measured after 150 cycles,
recovering about 62.7% from the first capacity and much lower
than that of ZnO/CoO (Figure Sc).

To demonstrate the superior electrochemical performance of
ZnO/CoO, we evaluated both the cycling characteristics of
Zn0O/Co0 and ZnCo,0, at 1 A g_l. As shown in Figure 5d,
the ZnO/CoO composite electrode demonstrates substantially
good capacity retention and reversible capacity during cycling.
The reversible capacity can still keep approximately 664 mA h
g™ even after 400 cycles, with no losses compared to the
second cycle (612 mA h g™" at the second cycle). Furthermore,
the CE of the ZnO/CoO composite electrode rapidly increases
from ~66% for the first cycle to approximately 99% after two
cycles and maintains nearly 100% thereafter. This result
indicates a convenient Li" insertion/extraction process
associated with the efficient transport of ions and electrons in
the electrodes. As for ZnCo,0, HMBNFs, the capacity
decreases very rapidly during the course of 100 cycles and
only approximately 66% of the second-cycle discharge capacity
is retained. To further confirm the excellent durability and the
advantages of the ZnO/CoO and ZnCo,0, HMBNFs, we
tested the long-term cycling performance of both samples at a
current density of 2 A g~', as shown in Figure Se and f,
respectively. The reversible capacity of ZnO/CoO is S18 mA h
g~! after 800 cycles, with a retention rate of approximately 83%
of the second-cycle discharge capacity. According to this, the
capacity fading rate is approximately 0.13 mA h g™' per cycle
after the second cycle. The result is better than the reported
ZnO—CoO—C nanowall arrays** and CoO-involved anodes.”
In addition, the reversible capacity of ZnCo,0, is only 409 mA
h g™ after 700 cycles, with a retention rate of only 53% and the
capacity fading rate greater than 0.52 mA h g™ per cycle after
the second cycle. By comparison with other reports about
ZnCo,0, as anode materials of LIBs,"**® the prepared
ZnCo,0, HMBNFs offer satisfying lithium-ion storage
performance.

The superior electrochemical performance of ZnO/CoO
HMBNFs is attributable to its unique homogeneous nano-

hybrid hierarchical architecture, as illustrated in Figure 6. First,
the ZnO/CoO HMBNFs’ multilayered structure composed of
nanosized subunits can provide more contact positions for the
electrolyte and Li*, and their mesoporous structure can not
only facilitate the fast diffusion of Li" but also alleviate the
volume change during the Li* insertion/extraction process.
Second, and more importantly, the ZnO/CoO HMBNFs are
homogeneous 3D nanohybrids in which ZnO and CoO occupy
their own nanoscale regions; hence the enhanced electro-
chemical activity of these HMBNFs is closely related to the
possible synergetic effects between the bicomponent activity of
ZnO and CoO. Third, ZnO nanoparticles, which are well-
dispersed in the hybrid, apparently serve as buffer domains to
spatially separate the coexisting CoO phase. Hence, the
aggregation of CoO can be efficiently prevented during
repeated Li" insertion/extraction, thereby facilitating the
capacity retention of the ZnO/CoO HMBNEF electrode.
Furthermore, because of their nanoscale dimensions, the
composite ZnO/CoO HMBNFs consist of uniform crystal
domains of CoO and ZnO nanocrystals, also alleviating the
strain resulting from volume variation during cycles. As a result,
the ZnO/CoO nanohybrids exhibit excellent long-term cycling
performance with good cycle stability and a low capacity fading
rate.

4. CONCLUSIONS

In summary, we first demonstrated a facile method for the
shape-controlled synthesis of novel ordered ZnO/CoO and
ZnCo,0, HMBNFs. Flakelike nanoparticle aggregates and
multilayered nanoflakes form during the early stage of the
reaction, followed by growth of 3D hierarchical twin-urchin
spheres and flakelike nanoparticles as well as the final formation
of the HMBNF structures. The introduction of different
amounts of NH,HCO; into the system allows for the shape-
controlled synthesis of HMBNFs. The use of an appropriate
straight-chain monoalcohol was observed to be critical for the
formation of HMBNFs. An extremely fast crystal growth
process and an unusual transverse crystallization of the ZnCo-
carbonate HMBNFs were newly discovered and proposed. The
ZnO/CoO HMBNFs feature high rate performance, and
especially long cycle stability. It is concluded that the superior
electrochemical performance of this material is attributable to
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its unique nanostructure, its bicomponent active synergy, the
uniform distribution of ZnO and CoO phases at the nanoscale
level, and the Li alloying reaction. Given the facile synthetic
method that forms the unique nanostructure by an unusual
transverse crystallization, the ZnO/CoO HMBNF has the
prospect of becoming an excellent anode material for next-
generation LIBs. This work provides a versatile approach to the
synthesis of ordered heterohierarchical nanoframes.
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