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ABSTRACT: Polypyrrole (PPy)-modified CuO nanocompo-
sites (NCs) with various shell structures have been synthesized
by controlling the polymerization time of pyrrole in the
presence of leaf-like CuO nanobelts (NBs) as wire templates.
The synthesized CuO/PPy NCs and CuO NBs are
characterized by XRD, FT−IR, TGA, SEM, TEM, STEM,
and EDX line analysis/elemental mapping. The formation
mechanism of CuO/PPy core−shell NCs is also illustrated.
Electrochemical lithium-storage properties of all the products
are evaluated by using them as anode materials for Li-ion
batteries (LIBs). It is found that the polymerization time of
pyrrole plays a significant role in affecting the shell structures
and subsequent lithium-storage properties of the hybrid CuO/
PPy NCs. With the extension of polymerization time, CuO/PPy NCs gradually form typical core−shell structures, where the
doped PPy with increasing content is steadily and uniformly coated on the CuO surface. Correspondingly, the discharge/charge
capacity and cyclic durability of CuO/PPy NCs are significantly enhanced. For the core−shell NCs made by the 3 h
polymerization, a greatly improved initial capacity of 1114 mAh g−1 and a high reversible capacity of 760 mAh g−1 are achieved,
which are much better than those of the bare CuO NBs and the NCs without core−shell structures. The improved performance
of core−shell CuO/PPy NCs can be attributed to their advantageous structure features that buffer volume variations of the rigid
CuO, allow short Li-ion diffusion length, form good interface interaction between PPy and CuO for charge transfer, and avoid
direct contacts between CuO and electrolytes during charge−discharge processes. This study indicates that the structural tuning
of polymer/metal oxide composites by controlling the polymerization time is a simple and promising way to improve the
electrode performance of NCs for energy storage.
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■ INTRODUCTION

As a new generation energy storage device, lithium-ion batteries
(LIBs) have been extensively used in smart phones, laptop
computers, digital cameras, wireless home appliances, and other
portable electronic products, which play an important role in
promoting an efficient use of clean energies.1,2 Usually, a LIB
device contains two electrodes (anode and cathode), an
electrolyte, and a separator. In addition to device engineering,
each component material used in LIBs has great influence on
battery performance.3,4 Particularly for the electrode materials,
they play a key role in electrochemical lithium storage of LIBs,
which essentially affect battery performance such as the voltage,
charge/discharge capacity, rate ability, and cycle stability.5−7

Therefore, how to facilely and efficiently synthesize electrode
materials with good electrical/electrochemical properties for
high performance LIBs has far-reaching significance for future
energy storage applications.

In recent years, the ever-increasing and urgent necessities of
electric vehicles (EVs) and hybrid EVs (HEVs) have promoted
worldwide studies on developing LIBs with large capacities,
high power densities, and good cyclic stabilities.8−11 Because
the dominant commercial graphite anode material has almost
reached its theoretical capacity (372 mAh g−1), developing
novel anodes with higher capacity and superior stability has
become an urgent task. Transition metal oxides (MxOy, M = Fe,
Co, Ni, Cu, etc.) have attracted much attention as potential
alternative anodes for next generation LIBs owing to their
much larger capacities compared with those of graphite
anodes.12−17 Especially, copper oxide (CuO) has been widely
used as an anode material for LIBs due to its high theoretical
capacity, low cost, natural abundance, and environmental
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benignity.18,19 However, the main challenge for using CuO as
active anodes is their drastic volume changes during repeated
charge−discharge processes, resulting in electrode pulverization
and rapid capacity fading. Besides, the intrinsically low
conductivity of CuO is not favorable for charge-transport
under working conditions, which also limits the use of anodes
in LIBs. The reasons mentioned above have led to the final low
capacity and poor cyclic durability of LIBs with bare CuO
anodes. These problems are also the general challenges existing
in most metal oxide electrodes,14,20 which hinder their
commercial utilization for LIBs.
To circumvent the above issues, many research teams have

paid attention to the improvement of cyclic performance by
designing CuO anodes with optimized particle sizes and
shapes.21−23 So far, various nanostructural CuO materials such
as dots, cubes, rods/wires, plates, and cog-like or sphere-like
architectures have been synthesized and used in LIBs with
improved performances.19,24−30 Among them, one-dimensional
(1D) nanoscale CuO anodes with unique anisotropic structures
exhibit improved cyclabilities, efficiencies, and rate capabilities,
even at high current rates, due to the short diffusion length of
Li-ions and large surface reaction sites of their electroactive
components and the increased charge-transfer properties of
CuO electrodes as well.25,31−33 However, 1D CuO nanoma-
terials still have some shortcomings such as poor thermody-
namic stability and pulverization/aggregation because of their
large surface area and high surface energy, as well as the
mechanical rigidity and low conductivity in nature. The
incorporation of carbon materials (e.g., carbon nanotubes and
graphene) as functional counterparts into CuO nanomaterials is
one good method to overcome the poor capacity retention of
these anodes, owing to the high conductivity and small volume
changes of carbon materials during Li+ insertion/extrac-
tion.34−37 Another effective strategy to improve the electro-
chemical properties of metal oxide nanomaterials is to
effectively enhance their structural stability by introducing
organic conducting polymers, such as polypyrrole (PPy) and
polyaniline (PANI), to serve as soft conducting coating layers
and/or matrices. As we highlighted in a recent review article,38

conducting polymers can serve as a buffering space that
accommodates volume variations and improves the cyclability
of metal oxide electrodes for various energy storage devices due
to their excellent mechanical flexibility, high conductivity, and
good electrochemical stability. Similarly, improved performance
has also been demonstrated by other groups with the use of
conducting polymers to modify NiO, MnO2, SnO2 and Fe3O4
anodes.39−42 However, there are few reports employing
conducting polymers to enhance the performance of CuO
anodes.43

In our preliminary work, we presented novel CuO/PPy
nanocomposites (NCs) for efficient lithium storage, demon-
strating the first example of conducting polymers hybridized
with CuO as anodes in LIBs.43 The NCs showed good initial
and reversible capacities of 991 and 613 mAh g−1, respectively.
However, the influence of PPy surface modification on the
structures of CuO/PPy NCs is still not clear, and the
relationship between the shell structure and charge/discharge
properties of CuO/PPy NCs also needs to be investigated in
depth. Herein, we study the effects of the polymerization time
of pyrrole on structural features and lithium-storage properties
of hybrid CuO/PPy NCs. The structures of the products are
comprehensively characterized. The relationships between the
structures of the NCs and their charge−discharge properties are

investigated in detail. The greatly improved lithium-storage
properties of the optimized core−shell CuO/PPy NCs are
discussed in comparison with those of bare CuO nanobelts
(NBs) and CuO/PPy NCs without core−shell structures. We
find that the structural tuning of CuO/PPy NCs by facilely
controlling the polymerization time significantly improves
discharge/charge capacities and cyclic performances in LIBs,
which is mainly due to the changes in shell structure features in
the hybrid products.

■ EXPERIMENTAL SECTION
Materials. Copper acetate monohydrate (Cu(CH3COO)2·H2O),

sodium hydroxide (NaOH), pyrrole (Py), ammonium persulfate (APS,
(NH4)2S2O8), sodium dodecyl sulfate (SDS), hydrochloric acid (HCl)
solution, and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. and used as received. Deionized water was
obtained in our laboratory by using a deionizer system (P10-W,
Kertone Water Treatment Co., Ltd.). Other materials and reagents
were purchased from Sigma-Aldrich, Inc. or Sinopharm Chemical
Reagent Co., Ltd. All chemicals were of analytical grade and used
without further purification.

Preparation of Samples. Leaf-like CuO NBs were similarly
fabricated by a solution phase growth route described in the previous
report.43 Typically, 0.5 M aqueous solution of Cu(CH3COO)2·H2O
and 2.0 M NaOH solution were mixed together to produce massive
Cu(OH)2 precipitates at room temperature. The obtained suspension
was then preserved in a 60 °C water bath for 6 h to form leaf-like CuO
NBs. The black products were then collected by centrifugation and
sequentially washed with deionized water and anhydrous ethanol
several times. The purified products were equally divided into two
parts, where one part was dried under vacuum at 50 °C for 24 h to
obtain the final CuO sample and the other was further employed to
fabricate PPy-modified CuO NCs.

For the preparation of hybrid CuO/PPy NCs, the leaf-like CuO
NBs synthesized above as wire templates were dispersed into
deionized water containing a small amount of SDS under ultra-
sonication for 10 min, followed by vigorous stirring for 12 h at room
temperature. Then, a pyrrole monomer (0.5 mmol) and 1 M HCl
aqueous solution (0.5 mL) as a dopant were successively added into
the suspension. This solution was further vigorously stirred for 30 min.
Subsequently, a freshly prepared 0.1 M APS aqueous solution (5 mL)
was dropwise added into the system as an oxidant to start the
polymerization process in an ice/water bath under constant mild
stirring. The polymerization reaction was carried out with controlled
polymerization times (1, 2, and 3 h) of pyrrole. The resulting three
types of hybrid CuO/PPy nanocomposite products were obtained by
filtration and rinsed with deionized water and anhydrous ethanol
several times. Finally, the samples were dried in vacuum at 50 °C for
24 h.

Characterization of Samples. The crystalline structures of the
CuO and CuO/PPy samples were examined by X-ray powder
diffraction (XRD) with a Rigaku Miniflex II diffractometer (Cu Kα
radiation, 30 kV, 15 mA). Morphologies and structure features of the
obtained products were characterized by scanning electron microscopy
(SEM, JSM-6700F), transmission electron microscopy, and scanning
transmission electron microscopy (TEM and STEM, FEI Tecani G2
F20). Note that the SEM and STEM systems were equipped with
energy-dispersive X-ray (EDX) spectroscopy units. Fourier trans-
form−infrared (FT−IR) spectra of the samples were recorded on a
VERTEX70 spectrometer (KBr pellets). The contents of PPy in
hybrid CuO/PPy samples were estimated by using thermal gravimetric
analysis (TGA) equipped with a STARe System (NETZSCH
STA449C) from 40 to 1000 °C at 10 °C min−1 in air.

Cell Assembly and Electrochemical Measurements. Electro-
chemical lithium-storage properties of the synthesized products were
measured by using CR2025 coin-type test cells assembled in a dry
argon-filled glovebox. To fabricate the working electrode, a slurry
consisting of 80 wt % active materials, 10 wt % conductive materials
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(acetylene black), and 10 wt % polymer binders (polyvinylidene
difluoride, PVDF) dissolved in 1-methyl-2-pyrrolidinone was casted on
a copper foil, drying at 80 °C under vacuum for 24 h. The loading of
active materials is typically about 1.3 ± 0.2 mg cm−2. Lithium sheets
were used as both the counter and reference electrodes, while a
Celgard 2300 membrane was employed as a separator. The electrolyte
was a solution of 1 M LiPF6 in ethylene carbonate/dimethyl
carbonate/ethylmethyl carbonate (1:1:1 in volume). With a
galvanostatic mode, the assembled cells were tested (discharging,
charging, and cycling) by a LAND battery system at 30 °C within a
voltage range of 0.05−3.00 V (vs. Li/Li+). Note that the mass of PPy
was included when calculating the specific capacity of hybrid CuO/
PPy NCs.

■ RESULTS AND DISCUSSION
XRD Characterization of Samples. XRD analysis was

used to determine the crystalline structure and phase of the
synthesized products. Figure 1 shows the XRD patterns of the

bare CuO NBs, hybrid CuO/PPy NCs with controlled
polymerization times (1, 2, and 3 h), and pure PPy made by
etching CuO in the hybrid NCs. All the characteristic
diffraction peaks of the CuO and CuO/PPy samples
correspond well with normal crystallographic data of CuO
(JCPDS No. 05-0661, space group C2/c).35 The structure is a
nanocrystalline monoclinic phase with diffraction peaks at
32.5°, 35.6°, 38.8°, 48.8°, 53.4°, 58.2°, 61.6°, 66.3°, and 68.1°,
which are ascribed to the (110), (1 ̅11), (111), (2 ̅02), (020),
(202), (1 ̅13), (3̅11), and (220) planes of monoclinic CuO,
respectively. The positions of all the sharp peaks are in
agreement with the results reported by Qian and co-workers.27

No other diffraction peaks from impurities such as Cu(OH)2
and Cu2O are observed, suggesting high purity of the
synthesized CuO NBs and CuO/PPy NCs. Consistent with
the XRD analysis of CuO, the EDX spectrum in Figure S1 of
the Supporting Information demonstrates that the bare CuO
sample is only made of Cu and O, and its atomic ratio is close
to 1:1 in stoichiometry, further confirming the purity of the
CuO products. Moreover, a broad XRD peak of amorphous
PPy is not clearly observed at the 2θ of about 23° for the hybrid
CuO/PPy samples due to its relatively weak peak intensity
compared to the CuO diffraction peaks. Nevertheless, the
amorphous PPy in the hybrid CuO/PPy NC is further
determined by the XRD pattern of a sample prepared by
removing CuO in the hybrid NCs (3 h) by etching with acid
solutions.

FT−IR Analysis of Samples. The structure features and
compositions of the synthesized CuO NBs and hybrid CuO/
PPy NCs with different polymerization times were further
characterized by FT−IR spectroscopy. As shown in Figure 2,

there are two strong absorption bands observed at about 497
and 611 cm−1 in the low wavenumber region for both the CuO
and CuO/PPy samples, assigning to the Cu−O stretching
vibration, which further proves the formation of pure-phase
CuO with a monoclinic structure.27 In comparison with the
data reported, there exists some slight difference that may be
caused by the changes in sample types, temperatures, and
broadness of the spectra.27 For the FT−IR spectra of all the
hybrid CuO/PPy samples, the characteristic peaks centered at
about 1556 and 1458 cm−1 are due to the antisymmetric and
symmetric ring-stretching modes of the PPy rings, respec-
tively.44 Bands at approximately 1045 and 789 cm−1 are
ascribed to the in-plane and out-of-plane vibrations of C−H
deformation, respectively.42,45 Therefore, the FT−IR results
ascertain that organic PPy is formed in all three hybrid CuO/
PPy NCs. Moreover, it should be noted that the strong bands
near 1215 and 927 cm−1 are assigned to the stretching vibration
of doped PPy in the hybrid CuO/PPy NCs synthesized by 2
and 3 h polymerization.45,46 By contrast, there is no apparent
doping state of PPy observed in CuO/PPy NCs synthesized by
the 1 h polymerization. These results further indicate that the
polymerization time of pyrrole affects the doping state of
synthesized PPy in CuO/PPy NCs, which will influence final
structures and properties of the hybrid products. In addition to
the characteristic peaks of CuO and PPy, a broad absorption
band at ∼1634 cm−1 has also been found due to the existence
of water molecules in the products.43,47 The appearance of a
small absorption peak at ∼1385 cm−1 is attributed to the
presence of CO3

−2, which is usually obtained in the FT−IR
spectra when the samples were prepared in air.47

TGA Results of Samples. To determine the PPy contents
in the synthesized CuO/PPy NCs, TGA of bare CuO NBs, and
hybrid CuO/PPy NCs made by different polymerization times,
was carried out in air from 40 to 1000 °C at a rate of 10 °C
min−1. As shown in Figure 3, the hybrid CuO/PPy samples
show two-step weight loss regions. The initial weight loss from
hybrid CuO/PPy NCs below 200 °C is probably due to the
removal of surface hydroxyls and/or surface absorbed
solvents.42,48 The weight loss at higher temperature ranging
from 200 to 1000 °C is mainly ascribed to the decomposition

Figure 1. XRD patterns of bare CuO NBs, hybrid CuO/PPy NCs with
controlled polymerization times, and pure PPy made by etching CuO
in hybrid NCs.

Figure 2. FT−IR spectra of bare CuO NBs, hybrid CuO/PPy NCs
with different polymerization times, and pure PPy made by etching
CuO in hybrid NCs.
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and oxidation of PPy in air.41 By contrast, the bare CuO sample
shows almost no weight change in the whole tested
temperature range. At the same time, the weight loss of the
hybrid CuO/PPy NCs increases with prolonging the polymer-
ization time of pyrrole, demonstrating the gradually increasing
content of PPy in hybrid CuO/PPy NCs. According to the
TGA curves, the mass fractions of PPy in the CuO/PPy
samples can be estimated, which are about 5%, 8%, and 13%,
for the hybrid CuO/PPy NCs synthesized with the polymer-
ization times of 1, 2, and 3 h, respectively. The TGA results
further indicate that the content of PPy in the hybrid CuO/PPy
NCs can be easily tuned by controlling the polymerization time
of pyrrole, which provides a simple pathway to adjust the
structure and composition of the polymer−metal oxide hybrid
materials.
Morphologies and Microstructure Features of Sam-

ples. The morphologies and sizes of CuO NBs and hybrid
CuO/PPy NCs with different polymerization times were
characterized by SEM measurements. As shown in Figure 4a
and b, the bare CuO products are uniform leaf-like NBs with
widths of approximately 20−270 nm, thicknesses of about 10−
40 nm, and lengths up to hundreds of nanometers. It is also
observed that the leaf-like CuO NBs have smooth surfaces and
bending ends. For the hybrid CuO/PPy NCs with the
polymerization times of 1, 2, and 3 h, Figure 4c, e, and g
present their panoramic SEM images, respectively. The entire
hybrid CuO/PPy NCs are composed of large quantities of leaf-
like flexible NBs, which are overlapped and intertwined to some
extent. As further shown in the magnified SEM images of
Figure 4d, f, and h, the detailed morphologies and structure
features of CuO/PPy NCs with different polymerization times
are depicted. These high-magnification images clearly display
that incorporating PPy does not change the general shape of
leaf-like CuO NBs but results in the difference in the surface
morphology of the hybrid products. With prolonged polymer-
ization time, it is clearly found that the surfaces of the hybrid
CuO/PPy NCs with increased sizes become rougher than pure
CuO NBs. Massive PPy nanoparticles are observed on the
surface of hybrid CuO/PPy NCs, which are attributed to the
gradual polymerization of pyrrole and the progressive
deposition/coating of PPy nanoparticles on CuO NBs, along
with extending polymerization time.
The detailed morphological structure features of CuO NBs

and various CuO/PPy NCs were further examined by TEM.
Figure 5a and e present TEM images of the overall CuO NBs
and a typical CuO NB, respectively. Obviously, leaf-like CuO
NBs have very smooth surfaces, and their widths and

thicknesses are in the range of about 15−260 nm and 10−30
nm, respectively. These morphology and size results of CuO
NBs determined by TEM are in agreement with of the SEM
analysis. Moreover, the typical high-resolution TEM (HRTEM)
image in Figure 5i exhibits a regular lattice spacing of 0.27 nm,
which coincides well with the (110) planes of monoclinic CuO,
implying that CuO NBs consist of single crystals and grow
along the [010] direction. This agrees with earlier publications
about the formation of CuO nanoribbons/rods/plates.25,27,49

The selected area electron diffraction (SAED) pattern (inset)
of a single CuO NB in Figure 5i further suggests that the
formed monoclinic CuO NB consists of single crystal
structures. Figure 5b, c, and d depict the detailed morphologies
and structure features of CuO/PPy NCs synthesized by 1, 2,
and 3 h polymerization, respectively. All these TEM images
clearly show that the PPy modification on CuO NBs does not
alter the overall profile of these products, whereas their surface
roughnesses and sizes are increased. This indicates that PPy has
been sufficiently modified on CuO NBs. Importantly, it is
found that the polymerization time of pyrrole plays a significant
role in affecting the final structure features of the hybrid
products. Under 1 h polymerization, the resulting CuO/PPy
NCs have 1D hybrid leaf-like NB structures, where organic PPy
nanoparticles are distributed but not fully covered on the CuO
surface (Figure 5f). With prolonged polymerization times of 2
and 3 h, the organic PPy shell layer is fully generated and

Figure 3. TGA curves of bare CuO NBs and three types of hybrid
CuO/PPy NCs synthesized with different polymerization times.

Figure 4. Low-magnification and high-magnification SEM images of
the synthesized CuO NBs (a, b) and hybrid CuO/PPy NCs with
controlled polymerization times: (c, d) 1 h, (e, f) 2 h, and (g, h) 3 h.
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coated on CuO NBs, resulting in normal core−shell CuO/PPy
composite nanoleaves (Figure 5g and h). When the polymer-
ization time was controlled as 2 h, the thickness of the PPy
sheath is about 5−25 nm with an average value of ∼13 nm.
When the time was further prolonged to 3 h, the coated shell
thickness of PPy increases to about 8−45 nm (an average value
of ∼18 nm). Accordingly, the TEM results indicate that the
microstructure features of hybrid CuO/PPy NCs and the shell
thickness of the PPy layer can be facilely tuned by controlling
the polymerization time of pyrrole. To further prove the
formation of organic/inorganic core−shell nanostructures, the
difference at the interface between the organic PPy shell and
the inorganic CuO core is shown in Figure 5j. From this
HRTEM image of a single CuO/PPy core−shell nanostructure
made by 3 h polymerization, it can be found that an apparent
PPy sheath layer with an amorphous structure is covered on the
crystalline CuO core, which is consistent with the XRD
characterization. Very importantly, the HRTEM result also
reveals that there is an intimate interface interaction between
the organic PPy and the inorganic CuO in the core−shell
CuO/PPy NCs, which can make CuO electrochemically active
because charge carriers could be effectively and rapidly
conducted back and forth from CuO NBs to the current
collector through the conducting polymer coating layers.50

These results have clearly demonstrated that the normal core−
shell CuO/PPy NCs are successfully achieved under the short
polymerization time of only 2−3 h. Here, the phenomenon of
polymerization time-dependent structure control is significant
because most conducting polymer-derived NCs always require
a longer polymerization process (e.g., 12 h or more).38

Furthermore, as shown in Figure 6, the structural features of
the representative core−shell hybrid CuO/PPy NCs synthe-
sized by 3 h polymerization have been confirmed by using
STEM imaging and EDX linear analysis/elemental mapping.
The presence and distribution of CuO and PPy in leaf-like

core−shell NB were verified by EDX line analysis (Figure 6c).
Along line 1 in Figure 6b, the strong Cu and O signals
distributed in the middle position range of the single CuO/PPy
NB confirm the CuO core, while the C and N signals
surrounding the CuO core and also in the surface region clearly
indicate the conjugation of PPy sheath layer on the CuO core.
To further prove the presence of PPy sheath, EDX element
mapping of the square area (Figure 6b and d) in a single core−
shell CuO/PPy NB was utilized to detect the distribution of
PPy in the hybrid CuO/PPy NCs. As displayed in Figure 6e−i,
the color points are due to the presence of different elements
within the hybrid CuO/PPy NCs. The C and N elements are
present due to the formation of the PPy sheath, which is shown
to be uniformly distributed in the core−shell CuO/PPy NC,
along with Cu and O elements of the CuO core. It is found that
the C, N, Cu and O in the sample are homogeneously
distributed in the hybrid NB products, further demonstrating
that conducting PPy is uniformly coated on the CuO surface,
and the two components are connected well with each other. It
is believed that the surface coating of conducting polymers on
metal oxides can effectively enhance the electric conductivity of
the metal oxide electrode materials and thus could be beneficial
to Li storage.38,42,43

Formation Mechanism of PPy-Modified CuO NCs. The
experimental flow and synthesis strategy for the formation of
leaf-like CuO/PPy hybrid NCs is schematically illustrated in
Figure 7. Briefly, the leaf-like CuO NBs are first synthesized in
large-scale by a low-temperature (60 °C) water bath of
Cu(OH)2 precursors in a dilute NaOH solution. The
generation of Cu(OH)2 suspension is important for the
solution phase growth of CuO crystallites, which initially
serve as building blocks for the generation of the products.47,51

Hence, at appropriate heating, many CuO nanocrystalline
nuclei are produced during the dehydration process of

Figure 5. TEM images of CuO NBs (a) and hybrid CuO/PPy NCs
with controlled polymerization times: (b) 1 h, (c) 2 h, and (d) 3 h.
TEM images of a typical CuO NB (e) and typical CuO/PPy hybrid
NBs derived from controlled polymerization times: (f) 1 h, (g) 2 h,
and (h) 3 h. HRTEM images of the CuO NB (i) and the interface (j)
between CuO and PPy in the hybrid NCs (3 h polymerization). Inset:
SAED pattern of a single CuO NB.

Figure 6. (a, b) STEM images of the hybrid CuO/PPy NCs
synthesized by 3 h polymerization. (c) EDX line analysis of a single
core−shell CuO/PPy NB along the line 1 in (b). EDX elemental
mapping images of the square area (d) in a single core−shell CuO/
PPy NB in panel (b): (e) C, (f) N, (g) O, and (h, i) Cu.
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Figure 7. (a) Experimental flow diagram of synthesis of leaf-like CuO NBs and hybrid CuO/PPy NCs. (b) Schematic illustration for the wire
template synthesis of core−shell CuO/PPy NCs.

Figure 8. Discharge/charge curves at different cycles of bare CuO NBs (a) and different CuO/PPy NCs with controlled polymerization times (b−
d). All the tests were taken between 0.05 and 3.0 V at 30 °C.
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Cu(OH)2 precipitates in concentrated alkaline aqueous

solution according to the reaction: Cu(OH)2 →
Δ
CuO +

H2O.
25 With continuous reaction at prolonged reaction time,

Cu(OH)2 converts into CuO crystals, and the formed crystals
gradually grow in a 1D direction to result in NB structures. The
one-pot formation of the final leaf-like CuO NBs can be
attributed to the driving force provided by the Ostwald ripening
and the basic environment, which are beneficial to the
anisotropic growth of CuO nanocrystals.27,47,49 Then, the
synthesized leaf-like CuO NBs were collected, washed, and
redispersed into deionized water as 1D wire templates for in
situ synthesis of hybrid CuO/PPy NCs. Subsequently, a small
amount of surfactant, SDS, is introduced to further disperse and
modify CuO NBs in water. During synthesis, the wire templates
of leaf-like CuO NBs can serve as physical scaffolds, while SDS
molecules absorb on their surfaces and generate a soft
interface.43,45 After adding the pyrrole monomer and APS
oxidant, chemical oxidation polymerization of the pyrrole
occurs between the microarea of the soft SDS layer and the
hard CuO core. Then, PPy is gradually polymerized and
deposited on the CuO NB surface to form organic polymer
coating layers. Finally, the normal core−shell CuO/PPy NCs
are formed, where the controllable amount and sheath
thickness of PPy can be tuned by controlling the polymer-
ization time of pyrrole. Notably, the assistance of SDS is also an
important factor in achieving high quality core−shell
nanostructures. If SDS is not introduced to assist leaf-like
CuO wire templates, the final CuO/PPy products did not show
the core−shell structures. Their corresponding surface
character is greatly different from that of the core−shell
CuO/PPy NCs synthesized with SDS assistance, as evidenced
by their amplified SEM image results (Figures S2 and S3,
Supporting Information). It is anticipated that this synthetic
strategy can be extended to the control synthesis of other
polymer/metal oxide hybrids, especially for organic/inorganic
core−shell composites.

Electrochemical Lithium-Storage Properties of Sam-
ples. The unique composite nanoleaf structures of organic/
inorganic CuO-conducting polymer NCs make them promising
materials for energy storage applications. Therefore, the
electrochemical performance of these hybrid CuO/PPy NCs
with different structural features as anode materials for LIBs are
investigated. To evaluate their electrochemical lithium-storage
properties, coin cells based on the synthesized samples were
subjected to cyclic discharge/charge measurements. Figure 8
shows galvanostatic discharge−charge curves of the anodes
based on bare CuO NBs and hybrid CuO/PPy NCs with varied
polymerization times. Clearly, the discharge−charge profiles of
CuO/PPy NCs are similar to those of CuO NBs, which
indicates that the hybrid products modified by organic PPy do
not change the lithium-storage nature of CuO anodes.
Significantly, however, the discharge−charge properties of
lithium storage have been significantly adjusted. In the case
of CuO/PPy NCs synthesized by 1 h polymerization, the first
discharge and charge capacities are 979 and 612 mAh g−1 at a
current density of 100 mA g−1, respectively (Figure 8b). Due to
the irreversible phase formation from the first charge, the
second discharge capacity reduced to 652 mAh g−1 and further
dropped to 383 and 172 mAh g−1 for the fifth and tenth cycles,
respectively. In contrast to the anodes with bare CuO NBs, the
lithium-storage capacity of this hybrid CuO/PPy NC (1 h) is
not clearly improved (Figure 8a). This indicates that 1 h
polymerization of pyrrole for hybrid CuO/PPy products is not
sufficient to realize greatly improved lithium-storage perform-
ances. It may be attributed to the fact that there is no formation
of doped-PPy shell structures on leaf-like NBs for CuO/PPy
NCs (1 h), as determined by FT-IR, SEM, and TEM analysis.
Conversely, by prolonging the polymerization time to 2 or 3 h,
the resulting CuO/PPy NCs with core−shell structures exhibit
remarkably enhanced lithium-storage capacities in contrast to
hybrid CuO/PPy NCs without a normal PPy shell (1 h) and
bare CuO NBs. As to core−shell CuO/PPy NCs synthesized

Figure 9. Differential capacity (dQ/dV) versus voltage plots of CuO NBs and different CuO/PPy NCs (synthesized by 1, 2, and 3 h polymerization)
for the first, second, fifth, and tenth cycles.
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by 2 h polymerization, despite being tested at a higher current
density (200 mA g−1), the products can produce an enhanced
discharge capacity of 982 mAh g−1 (first cycle) and retain it at
705, 656, and 546 mAh g−1 for the second, fifth, and tenth
cycles, respectively (Figure 8c). For core−shell CuO/PPy NCs
synthesized by 3 h polymerization, further improved discharge
and charge capacities as high as 1114 and 779 mAh g−1 (first
cycle) are achieved, respectively, and also at a current density of
200 mA g−1 (Figure 8d). Importantly, this anode still delivers
high discharge (charge) capacities of 812 (788), 807 (794), and
802 (791) mAh g−1 for the second, fifth, and tenth cycle,
respectively. These lithium-storage capacities are much better
than that of the CuO/PPy NCs reported earlier43 and those
data previously provided for nanostructured CuO anodes and
commercial graphites in LIBs.24,25,28,34,35,52 The practical
capacities of these CuO/PPy and CuO products are also larger
than the theoretical capacity of 674 mAh g−1 based on a
maximum uptake of 2Li/CuO. The extra capacity can be
attributed to the decomposition of electrolyte and the reversible
formation of a polymer gel-like film on the surface of the
particles that occurs in the low potential region.25,29,30,53

Considering that pure PPy does not contribute to the anode
capacity,41 it is thus mainly taking the role of conducting and
buffering CuO with its effective surface modification.
Accordingly, these results demonstrate that facile formation
and structural optimization of core−shell CuO/PPy NCs by
controlling the polymerization time of pyrrole can greatly
improve the lithium-storage capacity of CuO NCs in LIBs.
The lithium storage mechanism of the CuO anodes has been

proposed as the multistep electrochemical reactions of CuO
with Li.18,19,29,30,43 To illustrate the redox characteristics of
synthesized CuO NBs and CuO/PPy NCs, differential capacity
versus voltage (dQ/dV) plots of the first, second, fifth, and
tenth cycles of all the samples are displayed in Figure 9. In the
first discharge process, three reduction peaks are observed at
near 2.1 V (wide), 1.2 V (strong), and 0.97 V (moderate) on
the samples, which are ascribed to the multistep electro-
chemical reductions of CuO with Li intercalation (formation of
a CuII1−xCu

I
xO1−x/2 (0 ≤ x ≤ 0.4) solid solution, creation of a

Cu2O phase, and decomposition of Cu2O into Li2O and
Cu).18,19,29,43 In the first charge process, two oxidation peaks at
approximately 2.3 V (strong) and 2.7 V (moderate) can be
observed on all the samples, corresponding to the Li-extraction
process 2Cu+Li2O → Cu2O+2Li and the partial oxidation of
Cu2O into CuO.30,43 From the second cycle onward, the
reduction and oxidation potentials are shifted to some extent.
The changes of peak potentials and intensities in redox curves
imply the irreversible capacities of products during the first and
second cycles, which are consistent with the observation in the
above discharge/charge curves. In the subsequent cycles, the
overlapping of redox curves in the core−shell CuO/PPy NCs
(2 and 3 h) suggests their good electrochemical activity and
reversibility, as well as structural stability. By comparison, those
redox peaks of CuO/PPy NCs (1 h) without PPy shell
structures have a noticeable decline in peak intensity, indicating
their severe capacity fading under cycling similar to that of bare
CuO NBs. The substantial decreases in main peak intensity and
integral area of hybrid CuO/PPy NCs (1 h) in the next cycles
designate that there are larger reversible capacity losses for
them as compared with those of core−shell CuO/PPy NCs (2
and 3 h).
Cyclic Stability of Samples. To further investigate the

effect of the material structures on lithium storage, the cycling

performance of CuO NBs and different CuO/PPy NCs made
by the controlled polymerization time is also compared in
Figure 10. Obviously, the cyclic performance of hybrid CuO/

PPy NCs is gradually improved with prolonging the polymer-
ization time of pyrrole from 1 to 3 h. As shown in Figure 10a,
hybrid CuO/PPy NC anodes with core−shell nanostructures
(2 and 3 h polymerization) exhibit much better cyclic stability
than that of CuO/PPy NCs without core−shell structures (1 h
polymerization) and pure CuO NBs. For optimized core−shell
CuO/PPy NCs made by 3 h polymerization, they can retain a
high reversible capacity of 760 mAh g−1 over 45 cycles, which is
the best cyclic performance among all synthesized NCs in this
work. Similarly, core−shell CuO/PPy NCs made by 2 h
polymerization also maintain a high capacity of 518 mAh g−1

over 45 cycles. By contrast, the capacities of CuO/PPy NCs (1
h) without core−shell structures and bare CuO NBs fade
quickly to only 79 and 110 mAh g−1 after 20 cycles,
respectively, even under a half current density (100 mA g−1).
With longer cycling tests, the discharge/charge curves for the
85th and 110th cycles of CuO/PPy (2 and 3 h) still show much
better performance than that of CuO/PPy (1 h) and CuO
(Figure S4, Supporting Information), further demonstrating
that core−shell hybrids enhance performance in contrast to
structures without core−shell features. The improved perform-
ance for core−shell structures is mainly benefited from the PPy
shell, which buffers volume variations of CuO and prevents
cracked CuO fragments from being extracted into the
electryte.54 Figure 10b further displays Coulombic efficiencies
of the various samples during the cyclic discharge/charge

Figure 10. Comparative cycling performances of CuO NBs and
different CuO/PPy NCs with controlled polymerization times. All
tests were taken between 0.05 and 3.0 V at 30 °C.
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processes. The first Coulombic efficiencies of bare CuO NBs
and different CuO/PPy NCs with 1, 2, and 3 h polymerization
are 68.0%, 62.5%, 69.7%, and 69.9%, respectively. These low
initial Coulombic efficiencies mean that the large capacity losses
between the discharge and charge in the first cycle exist in all
these anode materials. The reasons are the formation of a solid
electrolyte interface (SEI) layer on the surfaces of active
electrode materials, partly irreversible lithium oxide in metal
oxide anodes, and possible phase transition of electrodes.42,55

As further shown, both anodes of the core−shell CuO/PPy
NCs (2 and 3 h) show high Coulombic efficiencies (≥93.9%)
in the succeeding cyclic processes, which are superior or similar
to those of CuO/PPy NCs without core−shell structures (1 h).
The high Coulombic efficiencies are also much better than
those of bare CuO NB anodes.
Here, the improved lithium-storage capacities, enhanced

cyclic performances, and high Coulombic efficiencies of core−
shell CuO/PPy NCs are attributed to the unique structure
features of the metal oxide/conducting polymer core−shell
hybrid products. In this architecture, the stable and flexible PPy
sheath can buffer the structural variation of rigid CuO NBs
during charging/discharging processes and prevent the
pulverization of CuO NBs, as well as protect CuO from direct
contact with electrolytes and prohibit irreversible side
reactions.38,41,43,56,57 Meanwhile, good interfacial interaction
between the conductive PPy sheath and CuO core in the core−
shell CuO/PPy composites improves the utilization of active
CuO for Li storage and allows them to be efficient electrodes to
promote charge transfer processes in LIBs.50,58 The solid CuO
core and flexible PPy shell prevent, synergistically, the hybrid
composite nanoleaves from significant collapsing, pulverizing,
and breaking, which greatly improves their mechanical
stability.59 The mechanical stability is also enhanced by the
thin-film effect combined with PPy coating on the hybrids,
which plays a structural buffering role in minimizing the
mechanical stress induced by the volume change of CuO.54

Thereby the 1D CuO/PPy core−shell hybrid NCs provide a
stable environment and short ion diffusion paths for Li+

intercalation/extraction due to their mechanical flexibility,
stability, and good conductivity. The ability to accommodate
volume variations of electrodes as well as to facilitate effective
Li-ion diffusion and charge-transport, leads to eventual good
electrochemical lithium-storage capacity and cycling durability
over repeated discharge/charge cycles. Whereas, the lower
capacities and faster capacity fading of bare CuO NBs may
result from their pulverization and aggregation under the
cycling. As to CuO/PPy NCs without core−shell features, the
poor cyclic performance is similar to that of the bare CuO NBs
because doped PPy has not fully formed and coated on CuO
NBs made by 1 h polymerization.

■ CONCLUSION
In summary, composite nanoleaves of PPy-modified CuO with
various shell structures have been successfully synthesized. The
results demonstrate that the polymerization time of pyrrole acts
as a significant role in affecting both the structure features and
lithium-storage properties of the hybrid CuO/PPy NCs. By
prolonging the polymerization time, the CuO/PPy NC
products progressively form typical core−shell structures,
where the doped PPy shell with increasing amounts is steadily
and uniformly coated on the CuO surface. The formation of
organic/inorganic core−shell nanostructures of CuO/PPy NCs
is important for achieving enhanced lithium-storage capacities,

good cyclic stabilities, and high Coloumbic efficiencies. When
used as promising anode materials for LIBs, the core−shell
CuO/PPy NCs exhibit much higher discharge/charge
capacities and better cycling performance compared to CuO/
PPy NCs without core−shell features and pure CuO NBs. The
optimized core−shell CuO/PPy NCs can deliver a greatly
improved initial capacity of 1114 mAh g−1 and retain a high
reversible value of 760 mAh g−1 after 45 cycles. The enhanced
performance of this type of hybrid nanoleaf materials is due to
their advantageous structure features. This work provides a
facile and effective pathway for surface modification of metal
oxides by in situ polymerization of conducting polymers, which
is crucial to enhance Li-storage properties in LIBs. The shell
structure control and structure−property relationships of these
CuO/PPy NCs can be guidelines for other polymer-based
composites for energy storage applications.
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