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ABSTRACT: Fabrication of nano- and microstructure-based anodes capable of accommodating the lithiation-induced strain, high
specific capacity, and longer cycling stability is the principal challenge for developing next-generation lithium-ion batteries (LIBs)
with higher energy density. Herein, we report a green route for fabricating porous molybdenum-doped cuprous oxide (Cu2O:Mo)
microspheres of high specific surface area. The porous Cu2O:Mo microspheres have been utilized as active anode materials in LIBs,
revealing excellent electrochemical performance. The electrodes fabricated with the porous Cu2O:Mo microspheres yielded
outstanding Li-ion uptake performance, with a specific capacity of 1128 mAh g−1 at 0.1 Ag−1 and enhanced rate performance, and
cycling stability (1082 mAh g−1 at 0.1 Ag−1 after 100 charge−discharge cycles). Enhanced specific capacity, stable cycling stability,
and excellent rate capability of the fabricated electrodes indicate the porous Cu2O:Mo microspheres are potential anode material for
fabricating next-generation high-performance LIBs. The synthetic approach adapted for fabricating the porous Cu2O:Mo
microspheres is facile, relatively greener, and low-cost, which can be utilized for fabricating other metal oxide-based porous
microstructures for application in energy storage devices.

KEYWORDS: Cu2O:Mo microspheres, Porous structure, Green synthesis, Anode material, Lithium-ion batteries

■ INTRODUCTION

Development of efficient energy storage devices capable of
operating in a cleaner and renewable way is the need of the
hour to fulfill present energy demand and environment
concerns.1,2 In this perspective, rechargeable lithium ion
batteries (LIBs) have demonstrated their potential for storing
electrical energy at high power density. In fact, LIBs have been
considered as predominant energy sources for a variety of
applications including electric vehicles, energy storage grids,
and portable electronic devices.3,4 However, the principal
hindrance for developing efficient LIBs is finding appropriate
anode material, which plays a key role in improving the
electrochemical properties of LIBs such as high energy
densities, durable cycling life, and excellent rate perform-
ance.5,6 Graphite and graphene-based materials have been
widely utilized as potential anode materials for hosting Li+ in
LIBs.7 However, the electrodes fabricated with them have

relatively low intrinsic theoretical capacity (∼372 mAh g−1)
and slow Li+ diffusion kinetics.7 Moreover, their lower Li+

insertion potential (∼0.1 V vs Li+/Li), which is close to the
electrochemical reduction potential of Li, is a matter of safety
concern.8 These factors severely impede the utilization of
graphite and graphene-based materials in LIBs.9 In this
context, there is a growing demand for suitable alternative
anode materials to overcome the aforementioned challenges. A
large variety of metal oxide nanostructures have been tested as
anode materials in LIBs, and some of them demonstrated
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excellent performance with superior power density and long
cycling stability.10 However, further improvement in power
density, cycle stability, charging−discharging rate, and safety
concern associated with electrode materials remained as
significant challenges for a breakthrough in LIBs.11

Numerous nanostructured metal oxides of diverse morphol-
ogies, such as manganese oxide (MnO2),

12,13 cobalt oxide
(Co3O4),

14 tungsten dioxide (WO2),
15 titania (TiO2),

16,17

silica (SiO2),
18 tin oxide (SnO2),

19 cupric/cuprous oxide
CuO/Cu2O,

20,21 etc. have been probed as anode materials for
application in LIBs. Among the metal oxide nanostructures
explored so far, nanostructures of Cu2O

20,22,23 have attracted
particular interest because of their multiple advantages
including high theoretical specific capacity (∼373.9 mAh
g−1), moderate cost, and low-toxicity.23 In addition, Cu2O
nanostructures reduces the over potential of Li nucleation,
enabling uniform Li deposition and avoiding the formation of
dendritic and dead Li. All these facts result in a high
Coulombic efficiency (CE) of LIBs and improve the safety
concerns by avoiding short circuits.24 Although the Cu2O
nano/microstructures offer promising electrochemical proper-
ties, they suffer from limitations such as lower electrical
conductivity and huge volume changes during charge−
discharge cycles. The latter characteristic of these nanomateri-
als leads to severe mechanical fractures, resulting in large
irreversible specific capacity loss, cycling instability, and poor
rate performance in the fabricated LIBs. To overcome these
issues, several strategies such as size and shape-control,25−27

surface/interface engineering,23 and transition metal dop-
ing20,28 have been adapted to improve the electrochemical
properties of the CuO2 nanostructure-based anodes. Among
the adopted strategies, doping of transition metal cations (e.g.,
Mo6+, Co2+, V5+, Cr3+, etc.) into metal oxides has been seen
promising, as it improves the electrical conductivity, chemical
stability, surface area, and electrochemical properties of metal
oxide nanostructures.15,29,30 Particularly, doping metal oxides
with molybdenum (Mo6+) has been seen to improve the
electrical conductivity of metal oxides nanostructures sub-
stantially, enhancing lithium storage capacity, along with
preventing their volume shrinkage during the charge−
discharge process, consequently enhancing the cycling life
and rate performance of these metal oxide-based LIB
anodes.31−33 Specifically, due to higher valence state of Mo6+

ion than Cu2+, doping Mo into CuO can significantly enhance
the electrical conductivity, decrease its crystallinity, induce
structural distortion, and provide structural stability. All these
changes have favorable impacts on the rapid Li+ ion diffusion
by shortening the Li+ ion diffusion pathway, minimizing the
volume expansion that takes places during the lithiation/
delithiation process, and enhancing their capacity retention
and rate capability.34 It has been demonstrated that creation of
large amounts of Cu vacancies in Cu2O nanocrystals delivers
an impressive lithium storage capability of 1122 mAh g−1.23 On
the other hand, Dong et al.31 have demonstrated a 5-fold
increase in electrical conductivity of Li3VO4 nanostructures by
incorporating Mo in V sites, which resulted in a remarkable
improvement in the specific capacity and rate performance of
Mo-doped Li3VO4 anode, revealing the crucial role of Mo
doping on lithium-ion diffusivity and Li+ ion storage capacity
of LIBs. Chen et al. have also demonstrated the anode
fabricated utilizing ordered mesoporous Mo-doped WO2 in
LIBs can enhance the reversible specific capacity (up to 635
mAh g−1) after 70 cycles.15 However, to the best of our

knowledge, there exist no previous study on the fabrication of
Mo-doped Cu2O microstructures and their electrochemical
performance in LIBs.
Over the past few years, synthesis of Cu2O nanostructures of

different morphologies has attracted considerable attention
both for fundamental scientific interest and technological
applications.28 Several synthetic approaches including wet-
chemical synthesis, electrochemical, hydrothermal, sol−gel,
etc. have been adapted for the synthesis of Cu2O
nanostructures of different morphologies and surface struc-
tures.20,26−28,35 However, almost all these aqueous phase
chemical synthesis routes require multiple toxic solvents and
surfactants, which affect our environment adversely. Due to the
adverse environmental effects of toxic reagents, solvents, and
surfactants in conventional chemical synthesis processes, green
or eco-friendly approaches are becoming popular for the
synthesis of nanomaterials.36 Recently, synthesis of nanoma-
terials using plant and fruit extracts has received considerable
attention, not only due to simplicity and low-cost involved in
such processes but also due to increasing environmental
awareness.37,38 Specifically, piperine extract has been tested as
a promising natural reductor for the fabrication of metal and
metal oxide nanoparticles.39,40 Piper longum belongs to the
Piperaceae family, and it contains alkaloid piperine as well as
starch, protein, saponins, carbohydrate, and amygdaline.41 The
extracted compound named piper-longumine is well recog-
nized in medicine due to its excellent anticancer properties.42

The presence of polyol groups or flavonoid (FlOH) contents
in PLF extract plays a crucial role in the reduction of various
metal precursor salts and hence the formation of their
nanostructures.43 While Piper longum extract has been
exploited as effective medium and reductor for synthesis of
metallic and metal oxide nanoparticles; however, it has not
been utilized yet for synthesizing copper oxide microstructures.
In the present article, we report a simple, environmental

friendly approach for controlled synthesis of submicrometric
porous Cu2O:Mo microspheres, which exhibit excellent
performance as electrode material in LIBs. First, we fabricated
well-dispersed submicrometric CuO microspheres of uniform
sizes by reducing copper ions by Piper longum fruit extract
under microwave irradiation at room temperature. Then, Mo-
doping into CuO microspheres and subsequent reduction of
CuO to Cu2O to generate porous Cu2O:Mo microspheres
were performed by hydrothermal reaction at 180 °C. Obtained
porous Cu2O:Mo microspheres were utilized as active anode
for LIBs, revealing superior electrochemical performance, and
delivered a highly reversible discharge capacity of 1082 mAh
g−1 at a current density 0.1 Ag−1 after 100 cycles, along with
excellent rate performance.

■ EXPERIMENTAL SECTION
Preparation of Piper longum Extract. Plant dried Piper longum

(also known as long pepper) fruits were collected, washed thoroughly
several times with distilled water to clean the adhered dust particles
and dried in air under the ambient conditions. The Piper longum fruit
(PLF) extract was prepared by dispersing 0.5 g of the well-ground
powder of the dried fruits in 50 mL of deionized (DI) water under
magnetic stirring at room temperature for 30 min. Then, the PLF
extract was obtained by filtering the solution mixture using a
Whatman filter paper, and the collected PLF fruit extract was utilized
for CuO microsphere synthesis.

Synthesis of CuO Microspheres. For the synthesis of CuO
microspheres, first, an aqueous 2 wt % copper acetate solution was
prepared by dissolving 4 g of copper acetate dihydrate [Cu-
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(CH3COO)2·2H2O)] in 200 mL of DI water and allowed to
magnetically stir for 30 min. Then, in the glass beaker containing the
copper precursor salt solution, 30 mL of the PLF extract was added
under magnetic stirring at ambient temperature, which resulted in a
color change of the reaction mixture from light blue to light green
(Figure S1, Supporting Information). Then, this reaction mixture-
containing glass beaker was then subjected to microwave heating at
540 W for 10 min in a commercial microwave oven (Whirlpool 0.5 cft
countertop microwave oven, WMC20005YD). The formed brownish-
black precipitate at the bottom of the reaction beaker was filtered,
washed thoroughly using DI water and ethanol for at least three times,
and dried at 80 °C for 2 h. For comparison, CuO microparticles were
also synthesized without assistance of the PLF extract, maintaining all
other conditions the same as CuO microparticle synthesis, and the
sample was denoted as CuO_P.
Synthesis of Porous Mo-Doped Cu2O (Cu2O:Mo) Micro-

spheres. In a typical synthesis, 50 mg of as-synthesized CuO
microspheres was added into 50 mL of DI water under magnetic
stirring for 30 min to obtain a well-dispersed colloidal suspension.
Then, a mixture of 5 mmol of ammonium heptamolybdate
tetrahydrate (NH4)6Mo7O24·4H2O and 17 mmol of citric acid
monohydrate (C6H8O7·H2O) was slowly added to the colloidal
solution under magnetic stirring for 30 min. The obtained solution
mixture was then transferred into a 100 mL Teflon-lined autoclave
and heated at 180 °C for 12 h inside of an oven. After cooling down
to room temperature, formed black precipitate was separated by
centrifugation (at 3000 rpm for 20 min), washed thoroughly at least 3
times with DI water and ethanol each, and dried at 80 °C for 6 h,
obtaining porous Cu2O:Mo microspheres in powder form.
Characterization of CuO and Porous Cu2O:Mo Micro-

spheres. Formation and crystallinity of the fabricated microspheres
were analyzed in an X’Pert PRO PANalytical powder X-ray
diffractometer (XRD) using monochromatic Cu Kα X-rays (λ =
0.15406 nm) in the 2θ angle range from 20° to 80°. Surface
morphology and the elemental composition of the prepared samples
were examined using a field emission scanning electron microscope
(FESEM, Hitachi SU800) equipped with X-ray energy dispersive
spectrometer (EDS) at operating voltage of 5 kV. The microspheres
of the as-prepared samples were analyzed using a Joel 2100F
transmission electron microscopic (TEM) microscope (JED2300T,
JEOL) operating at 120 kV. For TEM measurements, the samples
were prepared by dispersing the synthesized powder samples in
ethanol and then the colloidal suspension was deposited over carbon-
coated Cu grids and drying at ambient condition. The specific surface
area (SSA) and pore-size details of the samples were acquired from
nitrogen (N2) adsorption−desorption isotherms at liquid nitrogen
temperature (77 K) using micrometrics ASAP 2020 (NIMS, Japan)
sorbtometer after degassing them at 180 °C for 3 h. Elemental
composition of the samples and chemical oxidation states of their
constituting elements were examined using a PHI Quantera II X-ray
photoelectron spectrometer (SXM, ULVAC-PHI, NIMS, Japan)
utilizing Al Kα X-ray source (1.4 mm × 0.1 mm, 100 W, 20 kV, 5
mA) and hemispherical electron analyzer (ECALAB MKIV).
Electrical properties of the samples were conducted in a Zive MP2
electrochemical impedance spectrometer (EIS) using a multichannel
electrochemical workstation.
LIB Application of Porous Cu2O:Mo Microspheres. For

electrochemical analysis, the anode electrodes were fabricated by
mixing 75 wt % active material (CuO, and Cu2O:Mo microspheres)
with 15 wt % acetylene black (AB) and 10 wt % poly(acrylic acid)-
carboxymethyl cellulose. The slurry was spread over a cleaned
commercial copper sheet (Sigma-Aldrich, 99.0%), dried at 120 °C in a
vacuum oven overnight, and then pressed well in order to increase the
connectivity between the anode material and copper current collector.
The area of the fabricated electrodes was about 1.539 cm2, and the
active material mass loading was about 1.0−1.5 mg cm−2. The LIB
battery cells were assembled utilizing the 2032 standard battery coin
cells inside an air-filled glovebox. A mixture of 1 M LiPF6 in an
ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture
was employed as electrolyte, and a thin polypropylene membrane was

used as a separator. Lithium metal foils were utilized as counter and
reference electrode. All the electrochemical measurements such as
charge−discharge tests were carried out in a Zive MP2 (Seoul, South
Korea) multichannel electrochemical workstation.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Cu2O:Mo Micro-

spheres. As has been shown schematically in Figure 1, we

fabricated Cu2O:Mo microspheres in two steps. In the first
step, uniform CuO microspheres were prepared using a green
approach via microwave irradiation-assisted reduction of
copper acetate precursor in Piper longum fruit extract, which
serves both as a solvent and as reducing agent. Moreover, due
to the presence of long-chain piperine, it also works as a
surfactant for the controlled growth of the CuO microspheres.
Specifically, the flavonoid (FlOH) contents present in the PLF
extract, which act as a mild-reducing agent for the slow
reduction of copper acetate precursor salt along with
subjection of microwave irradiation, lead to controlled growth
of CuO microspheres.39,44 The PLF extract plays a dual role as
solvent and slow-reductor for the growth of CuO micro-
spheres. The CuO microparticles was also obtained without
assistance of PLF extract, keeping other synthesis conditions
unchanged, which generated irregular spherical particles
(Figure S2, Supporting Information), clearly demonstrating
the role of PLF extract as reductant and shape-directing agent
for the growth of CuO microspheres. In the second step, Mo
doping and subsequent formation of porous Cu2O micro-
spheres was accomplished via hydrothermal treatment at 180
°C for 12 h, where the presynthesized CuO microspheres was
reduced Cu2+ ions into Cu+ and reduced Cu+ can partially over
reduced to Cu0.45 The average Shannon radii46 of MO6+ ions
(0.41 Å) and Cu2+ is about 0.73 Å, respectively.47 As the ionic
radius of Cu2+ is relatively higher than that of MO6+, the
replacement of Cu2+ by Mo atoms is highly feasible in the host
lattice. In fact, a similar doping mechanism has been proposed
for several transition metal cations of different ionic radii in
metal oxides.15,33,48,49

Crystallinity and phase purity of the as-synthesized pristine
CuO and Cu2O:Mo microspheres samples were investigated
by powder X-ray diffraction (XRD) analysis. The XRD
patterns of the pristine CuO, Cu_P, and porous Cu2O:Mo
microspheres samples are presented in Figure 2. All the
diffraction peaks appeared for the pristine CuO and CuO_P

Figure 1. Schematic illustration of the two-step synthesis process
utilized for fabricating porous Cu2O:Mo microspheres.
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samples at 2θ = 32.5, 35.51, 38.73, 48.8, 58.31, 67.73, 68.14,
72.43, 83.3° could be indexed to the (110), (002), (111),
(202), (020), (202), (113), (311), (220), (311), and (222)
planes of monoclinic CuO (JCPDS card no. 041-0254).44 In
the case of the Cu2O:Mo sample, there appeared diffraction
peaks at 2θ = 29.6, 36.4, 42.2, 61.3, 73.5, and 77.3°, which
could be indexed to the (110), (111), (200), (220), (311), and
(222) planes of crystalline Cu2O in the cubic phase (JCPDS
card no. 01-073-6237). The observed XRD diffraction peaks
positions are consistent with the previously reported values for
Cu2O.

50,51 There appeared three additional diffraction peaks at
2θ = 43.3, 50.4, and 74.0° in the latter sample, which
corresponded to the (111), (200), and (220) planes of Cu0

(JCPDS card no. 00-004-0836).52 The XRD result confirms
that the conversion of CuO to Cu2O and along with a partial
reduction of Cu2O to Cu0 during hydrothermal treatment in
the presence of citric acid.52 However, the Cu2O phase was the
dominant phase in the resultant Cu2O:Mo sample as
evidenced in its XRD pattern. It should be noted that there
appeared no signal corresponding to metallic phase of Mo or
Mo oxides in the diffraction pattern of Cu2O: Mo. However, a

slight shift in the diffraction peaks of Cu2O toward a higher
degree was observed, suggesting the possible doping of Mo
atoms into the Cu2O lattice.47

Morphology of the as-synthesized samples was investigated
by SEM and TEM analysis. Figure 3 displays typical SEM
images of the pristine CuO and Cu2O:Mo microsphere
samples. As can be noticed in Figure 3a,b, the pristine CuO
sample consists of well-dispersed spherical microspheres of
500−700 nm size range (Figure S3, Supporting Information).
Each of these spherical microspheres are composed of tiny
assembled nanoparticles (NPs). On the other hand, SEM
images of the as-synthesized CuO_P microparticles (prepared
without PLF extract) are shown in Figure S2 (Supporting
Information), which showed their nonuniform spherical
morphology with size varying between 500 and 800 nm. The
SEM images of the Cu2O:Mo sample (Figure 3c,d) revealed
the formation of spherical, highly porous particles of 200−250
nm sizes with uneven surfaces. Such a significant size reduction
and morphology change of the particles in Cu2O:Mo are the
indications of Mo incorporation into the pristine CuO
microspheres, and their successful conversion to Cu2O:Mo.
The results also evidence that the Mo doping into CuO
microspheres causes significant structural distortion and
reduction in the particle size.
Figure 4 shows typical low- and high-resolution TEM (HR-

TEM) images of the Cu2O:Mo microspheres sample along
with elemental distribution in them. As can be noticed in the
low-resolution TEM images presented in Figure 4a,b, the
sample consists of 200−250 nm diameter particles formed by
the assembly of smaller, densely connected primary particles.
The HR-TEM image in Figure 4c shows the appearance of
well-defined lattice planes, indicates the primary nanoparticles
bear good crystallinity. The estimated interplanar distance of
0.30 nm corresponds well with the interplanar spacing of (110)
planes of Cu2O lattice.53 Doping of Mo in the Cu2O was also
confirmed through EDS elemental mapping of the porous
Cu2O:Mo microsphere sample. As shown in Figure 4d, all the
elements (Cu and O, Mo) remained uniformly distributed in
the microspheres. Furthermore, the EDS-elemental analysis
spectrum (Figure 5a) confirms that the detection of Cu, Mo,

Figure 2. Typical XRD patterns of the CuO, CuO_P, and Cu2O:Mo
microspheres.

Figure 3. Typical low- and high magnification SEM images of as-synthesized CuO microspheres (a, b), and porous Cu2O:Mo microspheres (c,d),
respectively.
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and O signals form the Cu2O:Mo sample without any
additional signals. The estimated Mo content in the micro-
spheres from the EDS-spectrum analysis was about 4.32 wt %
(Figure 5a).
Nitrogen (N2) adsorption−desorption isotherms of the

fabricated microspheres were recorded at 77 K to estimate

their specific surface area (SSA). As shown in Figure 5b, both
the samples revealed typical IV isotherms with H3-type
hysteresis loops in the 0.1−1.0 relative pressure range,
suggesting their mesoporous nature. As can be noticed, the
shape of the adsorption- desorption hysteresis of the Cu2O:Mo
microsphere sample is a bit different from the pristine CuO
microsphere sample, probably due to the difference in their
morphology. The Brunauer−Emmett−Teller (BET) estimated
SSA of the porous Cu2O:Mo sample was 90.56 m2 g−1, which
is relatively higher in comparison with the SSA of the pristine
CuO microsphere sample (81.23 m2 g−1). A higher specific
surface area of the latter sample could be due to the smaller
size (inset of Figure 4a and Figure S3, Supporting Information)
of its constituting particles and their porous nature. The
estimated SSA of the as-synthesized porous Cu2O:Mo
microsphere sample is much greater than the SSA values
reported earlier for the hierarchical CuO hollow microspheres
(18.5 m2 g−1),54 Cu2O nanocrystals (38.9 m2 g−1),24 and cubic
and octahedral Cu2O nanostructures (12.14, 10.97 m2g−1),30

respectively. On the other hand, BJH estimated (using the
desorption branch of the isotherm) pore-size distributions of
the samples were almost same for Cu2O:Mo and pristine CuO
samples (inset of Figure. 5b), while the average pore size in
both the samples was about 4.0 nm.
X-ray photoelectron spectroscopy (XPS) measurements

were carried out to understand the chemical composition of
the CuO and Cu2O:Mo samples and valence states of their
constituting elements. The XPS survey scans of the pristine
CuO, and Cu2O:Mo samples are shown in Figure 6a. While
the emission spectra of the CuO sample revealed signals
correspond to Cu and O, the Cu2O:Mo sample revealed the
signals of Cu, O, and Mo. Apart from the signal of residual C,
there appeared no additional signal associated with any other
element, indicating the compositional purity of the fabricated
samples. High-resolution scans of XPS spectra in the Cu 2p
and O 1s core-level regions of the pristine CuO sample are
displayed in Figure S4 (Supporting Information). The
deconvoluted XPS spectra revealed two-component spin−
orbit doublets for Cu 2p, peaked around 934 and 953.2 eV,
associated with the Cu 2p3/2 and Cu 2p1/2 emissions of copper
in Cu2+ valence state, together with shakeup satellites at 941.0,
943.0, and 962 eV arising because of the electron-correction
effects in the open Cu 3d shell (3d9).55,56 On the other hand,
the O 1s core-level emission band of the sample (Figure S4b,
Supporting Information) revealed two components at 529.3
and 531.5 eV binding energies (BE), which correspond to
surface adsorbed oxygen and copper bound oxygen atoms in
CuO, respectively.44 High-resolution XPS spectra of the
Cu2O:Mo sample recorded in Cu 2p, O 1s, and Mo 3d
core-level regions are depicted in Figure 6b−d. As can be
noticed in Figure 6b, Cu 2p emission of the Cu2O:Mo
microspheres revealed two components at binding energies of
931.2 and 951.2 eV, which are different from the binding
energy values of corresponding emissions from the pristine
CuO microspheres, indicating a change in oxidation state of
Cu (i.e., from Cu2+ to Cu+) in the sample.57 Notably, no XPS
peaks were observed for Cu0, which could be due to a very low
concentration of Cu0 in the Cu2O:Mo. Also, the components
of the O 1s core-level emission (Figure. 6c) from this sample
suffered a small shift of the BE peaks located at 532 and 531 eV
for the Cu 2p3/2 and Cu 2p1/2, toward higher BE values,
suggesting higher oxidation state of Cu. Observed results are in
good agreement with the results reported earlier.57 The Mo 3d

Figure 4. Typical (a) low- and (b) high-magnification TEM image,
(c) HR-TEM image taken over the region marked by the blue square
in (b), and (d) EDS-elemental mapping images of the Cu2O:Mo
microspheres.

Figure 5. Typical (a) EDS spectra and (b) N2 adsorption−desorption
isotherms of the pristine CuO and porous Cu2O:Mo microspheres.
BJH estimated pore size distributions in the samples are presented as
inset of b).
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region of the XPS spectrum in Figure 6d shows the spin−orbit
splitting of 3d orbital into Mo 3d5/2 and Mo 3d3/2 core-levels,
and these two peaks can be further deconvoluted into two
peaks. While the prominent components located around 230.9
and 233.8 eV correspond to the Mo4+ oxidation state,58 the
weaker (lower intensity) components peaked around 231.9
and 235.9 eV are attributed to the Mo5+ oxidation state.58,59

The results indicate the Mo incorporated in Cu2O, remains
mainly in Mo4+ oxidation state with a minor amount of Mo5+.
Quantitative XPS analysis of the sample estimated ∼3.75 wt %
of Mo in the microstructures, which is consistent with the Mo
content estimated by EDS analysis.
Electrochemical Performance of Cu2O:Mo Micro-

structures toward LIBs. The electrochemical Li storage
performance of the LIB anode fabricated with porous
Cu2O:Mo microspheres as active material was investigated
and compared with the performance of anodes prepared with
pristine CuO and CuO_P microspheres. Figure 7 presents the
representative CV curves of the porous Cu2O:Mo microsphere
electrodes at a scan rate of 0.1 mV s−1 in the potential range
0.01−3.0 V (vs Li+/Li). The porous Cu2O:Mo microsphere
electrode exhibits two peaks, a sharp peak at 1.64 V, and a
broad peak around 0.96 V in the first cathodic cycle
corresponds to the lithiation of Cu2O to form Cu0 and Li2O
following the electrochemical redox reaction presented in eq 1
and formation of the solid−electrolyte interface (SEI)
layer.60,61 In the subsequent first anodic scan, the high
intensity peak at 1.40 V and broad and less intense peaks
appeared at 1.71 and 2.30 V are attributed to the
decomposition of the organic layer, reoxidation of metallic
Cu into Cu2O, and partial oxidation of Cu2O into CuO,
respectively.25 In fact, Mo-doping in metal oxide nanostruc-
tures is seen to improve their electrical conductivity, surface
area, structural stability, and minimize the polarization of
Cu2O, resulting in improved electrochemical conversion

reaction reversibility of the Cu2O:Mo electrode during
repeated charging and discharging cycles.62 The electro-
chemical reaction between Li+ ions of the electrolyte and
Cu2O:Mo microspheres electrode proceeds through Li-
insertion during the reduction of metal, followed by its
reinsertion during the oxidation process,23 which can be
presumed with the following equation:

Cu O 2Li 2e Li O 2Cu2 2
0+ + ← → ++ −

(1)

Figure 8a,b shows the representative galvanostatic charge−
discharge curves of the electrodes fabricated with Cu2O:Mo
and CuO microspheres as active anode materials at a current
density of 0.1 Ag−1 in the voltage range 0.01−3.0 V (vs Li/
Li+). As evidenced in Figure 8a, the galvanostatic charge−
discharge curves exhibit multiple plateaus, indicating that the
occurrence of multiple conversion reactions between
Cu2O:Mo and lithium ions, which is in accordance with the
CV result. The porous Cu2O:Mo microspheres delivered

Figure 6. XPS (a) survey spectrum and high-resolution (b) Cu 2p, (c) O 1s, and (d) Mo 3d core-level emissions of Cu2O:Mo sample. For
comparison, the survey spectrum of the pristine CuO sample is included in (a).

Figure 7. Cyclic voltammogram (CV) curves of 1st, 2nd, and 3rd
cycles for porous Cu2O:Mo microspheres at a sweep rate of 0.1 mV
s−1 in the potential window 0.01−3.0 V vs Li/Li+.
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discharge capacities of 1128, 1077, 1029, and 969 mAh g−1 in
the 1st, 2nd, 20th, and 50th cycles, respectively. Discharge
capacities of the pristine CuO and CuO_P microsphere
electrodes are presented in Figure 8b and Figure S5a
(Supporting Information), which showed low charge−
discharge capacities and obvious capacity losses. Specifically,
the CuO microspheres electrodes (Figure 8b) delivered
discharge capacities of 820, 592, 515, 463 mAh g−1 and the
CuO_P microspheres electrodes (Figure S5a, Supporting
Information) delivered discharge capacities of 572, 535, 415,
322 mAh g−1 in the 1st, 2nd, 20th, and 50th cycles,
respectively. The observed initial discharge capacity values
for the pristine CuO microsphere electrode (820 mAh g−1)
and Cu2O:Mo microsphere electrode (1122 mAh g−1) are
relatively higher in comparison to the theoretically predicted
value of CuO (∼674 mAh g−1)60 and Cu2O (∼367 mAh
g−1),23 respectively. The higher discharge capacity of the
Cu2O:Mo microsphere electrode in comparison to the same of
the pristine CuO microsphere electrode clearly highlights the
effect of Mo doping in Cu2O. It should be noted that the
during the first charge−discharge cycle, a slight irreversible
discharge capacity loss occurred, which is due to the electrolyte
decomposition and thin SEI layer formation, as observed in
several other metal oxide based electrodes.21,61,63 Moreover,
the charge−discharge curves of the repeated cycles (except the

first charge−discharge cycle) almost overlapped, indicating
much less side reactions and improved contact of Cu2O:Mo
electrode material with the electrolyte, resulting in the
formation of very thin SEI layers during the first cycle. The
LIBs fabricated using both the Cu2O:Mo and CuO micro-
sphere electrodes exhibited voltage plateau areas (around 0.75
and 1.5 V, respectively) during charging, generating a major
capacity from the anode material.
The cycling stability performance and corresponding

Coulombic efficiency (CE) of the porous Cu2O:Mo and
pristine CuO and CuO_P microspheres electrodes were
evaluated at a current density of 0.1 Ag−1 in the potential
window of 0.01−3.0 V as demonstrated in Figure 8c,d and
Figure S5b (Supporting Information). The electrode fabricated
with Cu2O:Mo microspheres delivered an initial discharge
capacity of 1128 mAh g−1 at the first cycle, and it remained
stable even after 100 cycles (Figure 8c). The electrode
fabricated with Cu2O:Mo microspheres delivered a much
higher reversible capacity of 1082 mAh g−1 after 100 cycles
with a Coulombic efficiency ∼98%, which is significantly
higher than that of the electrode made of pristine CuO
microspheres (reversible discharge capacity of 89% with
Coulombic efficiency of 92%) and the CuO_P microspheres
(reversible capacity about 83% with 95% Coulombic
efficiency). These results unambiguously confirm that the

Figure 8. Charge−discharge profiles of (a) Cu2O:Mo electrodes and (b) CuO electrodes at 0.1 Ag−1 current density; (c,d) cycle-stability
performance and corresponding Coulombic efficiency at a current density of 0.1 Ag−1; and (e,f) rate capability retention plots under different
current densities (0.05−0.5 Ag−1) of the porous Cu2O:Mo (left column) and pristine CuO electrodes (right column).
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Cu2O:Mo microsphere anode exhibits the most stable cycling
stability, indicating that the Li+ insertion-extraction process in
the anode is highly reversible. The excellent cycling stability
could be originated from the good crystallinity and the purity
of the Cu2O:Mo surface, which facilitates a stable SEI layer
formation over the surface and high cycling stability during
charge-discharging cycles. A typical TEM image of the
Cu2O:Mo electrode material recorded after 100 charge−
discharge cycles is presented in Figure S6 (Supporting
Information). As is evident, the Cu2O:Mo microsphere
morphology remained almost the same even after the cycling
stability test (after 100 charge−discharge cycles), indicating
the robust nature of the porous Cu2O:Mo anode structure,
which is the reason for its outstanding cycling stability
performance.
Superior rate performance of the porous Cu2O:Mo micro-

sphere electrodes in LIB was further ascertained by testing
them at current densities ranging from 0.05 to 0.5 Ag−1, and
their performance was compared with the performance of
pristine CuO microsphere electrodes as displayed in Figure
8e,f and Figure S5c (Supporting Information). As can be
noticed in Figure 8e, the porous Cu2O:Mo microspheres at
low current density (0.05 Ag−1) delivers a reversible discharge
capacity of about 1176 mAh g−1, which decreases to 1089, 913,
815, 755, and 706 mAh g−1 on increasing the current density
to 0.1, 0.2, 0.3, 0.4, and 0.5 Ag−1, respectively. Notably, even at
high current density (0.5 Ag−1), the Cu2O:Mo microsphere
electrode registered a discharge specific capacity of 706 mAh
g−1, which is about 60% of the value obtained for 0.1 Ag−1

current density. After operating at various current densities, the
capacity was almost recovered back about 1089 mAh g−1

(about 95%) when returned to the low current density of 0.05
Ag−1, revealing the superior rate capability of the electrode
fabricated using Cu2O:Mo microspheres. However, the
electrodes made with pristine CuO and CuO_P microspheres
could recover about 47% (Figure 8f) and 24% (Figure S5c,
Supporting Information) of their initial capacity when the
current density was reversed back to 0.05 Ag−1. Overall, these
results demonstrated that the porous Cu2O:Mo microsphere
based electrode exhibits decent reversible capacity recovery
after experiencing a high current density of 0.5 Ag−1 in
comparison with the pristine CuO based electrodes.
Finally, the performance of the electrode made of the Cu2O:

Mo microspheres in LIB has been compared with correspond-
ing literature reported values for the anodes made of Cu2O-
based nanostructures of different morphologies, along with the
values reported for other hybrid nanostructures are summar-
ized in Table 1. Since rate performance values can vary
depends on mass loading of active material, electrode density,
etc., we have compared the initial discharge capacity with the
previous literature with similar experimental conditions. One
can observe that the anode fabricated using Cu2O:Mo
microspheres fabricated in the present work exhibits a superior
discharge capacity, high CE, and decent specific capacity
recovery after 100 cycles in comparison with the Cu2O-
nanostructure-based anode electrodes reported so far. The
outstanding electrochemical performance, such as highly
reversible specific capacity, prolonged cycling stability, and
superior rate performance of the anode made of porous
Cu2O:Mo microspheres fabricated in this work, could be due
to Mo doping. Mo-doping plays a crucial role on the enhanced
Li storage capacity of Cu2O:Mo microsphere-based electrodes.
Specifically, doping of Mo into Cu2O lattice leads to an

enhancement of electrical conductivity, surface area (from
81.23 to 90.56 m2 g−1), and Li+ ion transports. A larger surface
area of Cu2O:Mo microsphere electrode provides more active
sites and shorter Li+ ion diffusion length.55 On the other hand,
due to higher ionic radius of Cu2+ ions (0.73 Å) than Li+ ions
(0.590 Å)46 and the porous structure of Cu2O:Mo micro-
spheres, higher Li+ ion diffusion occurs in Cu2O:Mo
microspheres, which considerably improves the electro-
chemical kinetics of lithium ions insertion/extraction. In
addition, Mo doping in the Cu2O lattice also helps to
minimize the volume changes upon fast Li+ ion transport,
resulting in enhanced reversible specific capacity and rate
performance relative to the pristine CuO microsphere
electrodes. Thus, the combination of Mo-doping and the
porous structure in the Cu2O:Mo anode plays a key role in
achieving outstanding Li storage capacity and high rate
performance of our Cu2O:Mo-based electrodes.
Electrochemical impedance spectroscopy (EIS) measure-

ments were performed to further elucidate the electrochemical
performance of the pristine CuO, CuO_P, and porous
Cu2O:Mo microspheres electrodes. Figure 9 presents the
Nyquist plots of EIS spectra of the electrodes fabricated with
CuO, CuO_P, and porous Cu2O:Mo microspheres. All the

Table 1. Comparison of Electrochemical Performances of
the LIBs Prepared with Porous Cu2O:Mo Microspheres
Electrode with the Literature Reported Performance of
LIBs Fabricated with Copper Oxide Based Nano- and
Microstructures

nanostructured anode
materials

current
density

cycle
numbers

capacity
(mAh g−1) ref

Cu2O nanocrystals with
Cu-vacancies

100 mA g−1 100 1122 23

Cu2O nanospheres 100 mA g−1 100 650 64
octahedral Cu2O
nanostructures

500 mA g−1 200 569.1 25

Cu2O−Cu microspheres 50 mA g−1 100 325 65
Cu2O-GO hollow
microspheres

100 mA g−1 50 720 66

Cu2O/graphene 100 mA g−1 20 424 67
Cu2O-CuO-TiO2 hollow
nanocages

50 mA g−1 85 700 68

CuO microspheres 100 mA g−1 100 860 this
work

porous Cu2O:Mo
microspheres

100 mA g−1 100 1128 this
work

Figure 9. Nyquist plots of as-synthesized CuO (black), CuO_P (red)
and the porous Cu2O: Mo microspheres (blue) along with a probable
equivalent circuit (inset).
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three electrodes revealed a semicircle in the high-frequency
region, which is the typical Nyquist plot characteristic of a
charge-transfer resistance (Rct) at the electrode−electrolyte
interface. The long line in the low-frequency side is associated
with a combination of kinetic and diffusion resistance of Li+

ions diffusion in the electrode.69 As can be seen in Figure 9,
while all the cells have very small solution resistance (Rs), the
electrode fabricated with Cu2O:Mo microstructures revealed a
semicircle of the smallest diameter, suggesting the lowest Rct at
the porous Cu2O:Mo microstructure−electrolyte interface.
The estimated Rct values for the Cu2O:Mo, CuO, and CuO_P
microstructure based electrodes were 55.5, 83.3, and 66.0 Ω,
respectively. The lower Rct value for the porous Cu2O:Mo
based electrode clearly indicates a higher electrical con-
ductivity, which is ideal for the LIBs applications.70 The
enhanced conductivity of the porous Cu2O:Mo microspheres
improved the cycling performance of the electrode in LIB. The
experimental results obtained in the present study clearly
suggest that a combination of Mo doping and porous structural
feature of the Cu2O:Mo microspheres makes them excellent
active anode material for Li storage, which can be utilized to
fabricate high discharge capacity LIBs with excellent cycling
performance.

■ CONCLUSIONS

In summary, porous Mo-doped Cu2O microspheres could be
successfully fabricated through a green and cost-effective
approach using natural Piper longum extract as reducing and
structure directing agent in combination with hydrothermal
treatment. The porous Cu2O:Mo microspheres bear high
specific surface area (90.56 m2 g−1), higher electrical
conductivity, and outstanding structural stability. Fabricated
microspheres demonstrate excellent electrochemical perform-
ance in LIBs. The LIBs fabricated with anode made of
Cu2O:Mo microspheres registered specific capacity as high as
1128 mAh g−1 at current density of 0.1 Ag−1, which is
significantly higher than the anodes made of pristine CuO and
CuO_P microstructures. The superior performance of the
porous Cu2O:Mo microspheres in LIB is attributed to the
combined effect of their porous structure and Mo doping.
High specific surface area of the porous Cu2O:Mo micro-
spheres provides a higher electrode−electrolyte interfacial area,
facilitating charge transport at the electrode−electrolyte
interface. Moreover, Mo doping enhances the electrical
conductivity of the fabricated electrodes, which further
improves the charge transfer process at the electrolyte−
electrode interface. The green fabrication approach presented
in this work is a quite unique and low-cost process, which can
be extended for fabricating other functional metal oxide nano/
microstructures for application as active anode materials for
high-performance energy storage devices.
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