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ABSTRACT

Developing an efficient cathode catalyst material is the most intrinsic requisite
to acquire rechargeable Li-O, batteries with long cycling life and high rate
capacity. Here, yolk-shell structured Cu,O spheres were facilely synthesized
using a wet-chemistry method with the PEG-500 as the surfactant. As catalyst
cathode materials, yolk-shell structured Cu,O spheres show a low discharge/
charge potential platform of 1.28 V with current density of 500 mA g~'. Com-
pared with cubic-like Cu,O nanoparticles, yolk-shell structured Cu,O spheres
have indicated a long and stable cycling life of 84 cycles with a high current
density of 500 mA g™, and which may be benefited to the porous structure and
the large specific surface area. The introduction of Cu,O provides an effective
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solution to the problem of low round-trip efficiency in the Li-O, battery.

Introduction

With the rapid development of electric vehicles and
mobile electronic devices, it is expected that the
energy storage system can match their requirement
with ultrahigh energy density, superior safety, low
cost, as well as long and stable cycle life. Although
they have been serving for energy storage and con-
version for many years, the rechargeable lithium-ion
batteries cannot meet the superhigh energy density
(up to 500 Wh kg™!) requirement of modern elec-
tronic devices with the primary and most funda-
mental limitation of intercalation chemistry. Recently,
with a superhigh theoretical energy density about
3500 W h kg, the lithium-oxygen batteries, with a
Li anode and O, (which is ideally from the atmo-
sphere) as the cathode, have been extensive
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addressed not only on the academic research but also
in the technological application [1-3]. As the basic
reaction between the lithium ion and the oxygen
QLit + O, + 2e =Li,0,), it is indicated that the Li-
O, batteries system does not need any heavy transi-
tion metals or intercalation frameworks besides the
superhigh energy density [4-7]. Moreover, it is well
known that oxygen is a limitless, non-toxic and non-
polluting material which makes Li-O, energy storage
system more appealing as the next-generation energy
storage system. Nevertheless, accompanying the
innovation processes of the Li-O, batteries system,
several critical issues which must be settled have
plagued its practical application seriously. Among
them, the most important obstacle is the large over-
potential, which leads to the lower coulombic effi-
ciency. Recent research indicates that the over-
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potential of the Li-O, batteries can be reduced effi-
ciently by using some electrocatalyst, and the rate
performance and the capacity can be improved with
appropriate electrocatalyst also. [8-10] Various kinds
of electrocatalyst have been explored to improve the
catalytic activities for the Li-O, batteries, such as the
noble metals, [11] carbon materials, [12] and transi-
tion metal compounds [13-15].

Among numerous transition metal oxides, cuprous
oxide a p-type semiconductor has been noted for the
remarkable potential application in the catalysis,
anode materials for the lithium-ion batteries and
solar cell materials for solar energy conversion
[16, 17]. Its widely application may be attributed to its
own properties—non-toxic, environmentally friendly
and abundant in nature. It is generally known that
the physical or chemical properties will be affected by
the morphology of the nanomaterials. Thus the Cu,O
materials have been morphology-controlled synthesis
with different micro/nanostructure such as hollow
spheres, core-shell spheres and porous particles
[18-20]. Here, yolk-shelled structured Cu,O were
synthesized by a gentle method with the poly-
ethylene glycol (PEG) as surfactant, and the catalytic
activity as a cathode material for Li-O, batteries has
been studied.

Experiment details

Synthesis and characterization of yolk-shell
structured Cu,O

All the analytically pure chemical reagents used in
this experiment were bought from the Sinopharm
Chemical Reagent Co., Ltd (SCRC) and without any
further purification. And here, the polyethylene gly-
col (PEG) with the molecular weight of 500 is
abbreviated as PEG-500 in this manuscript. Typically,
100 ml Cu(CH;COO),-H,O (0.75 M/L) mixed with
various dosages of PEG-500 was dissolved into
100 ml DI water to form the homogeneous solution.
Next, the mixed solution was in reaction with the
50 °C oil bath and stirred with a fixed speed of about
400 r/min. Subsequently, 10 mL of NaOH (1 mol/L)
was dripped into the mixed solution, and 20 mL of
ascorbic acid (0.5 mol/L) was added drop by drop
after 3 min. The whole reaction was kept at about
50 °C for two hours. The final product was collected
after centrifugation and the wash process with the
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ethanol and the DI water for several times. Then, the
Cu,O powder was dried at about 40 °C for 10 h in the
vacuum drying chamber.

The crystal structure of the final product Cu,O
powder was tested with the X-ray diffraction (XRD)
pattern; the microstructure and the morphology of
the Cu,O powder were investigated by the scanning
electron microscope (SEM) and transmission electron
microscopy (TEM) measurements.

Assembly of the cell and electrochemical
measurements

Here, 2032 type coin cells were assembled to form the
Li-O, batteries and lithium metal was used as the
counter electrode. Slurry which is comprised of active
materials (as in this manuscript the Cu,O powder is
used), and Ketjen carbon (KB) and polyvinylidene
difluoride (PVDF) with the weight ratio of 6:3:1 were
pasted on a carbon paper. Then the pasted carbon
paper with the mass loading of the Cu,O/KB/PVDF
about 1.0-1.2 mg cm™2 was dried at 60 °C in a vac-
uum chamber for 10 h. 1 M LITFSI (lithium bis-(trifl
uoromethanesulfonyl)-imide) in TEGDME (te-
traethylene glycol dimethyl ether) was used as the
electrolyte, and 100 uL was enough for one cell. With
the glass filter paper used as the separator, the bat-
teries were assembled in the glove box (< 0.1 ppm of
H,0 and 0.1 ppm of O,). Finally, the assembled Li-O,
batteries were transferred into a box which was filled
with high pure oxygen (99.999%) for the electro-
chemical test.

Electrochemical impedance spectroscopy investi-
gations were done on an Autolab 1.9 electrochemistry
workstation. The NEWARE battery test system was
used to test the galvanostatic discharge/charge
capacities at different current densities in the poten-
tial range of 2.0-5.0 V. The galvanostatic discharge/
charge test was based on the mass of KB.

Results and discussion

Figure 1 indicates the XRD pattern of the product
which was synthesized with 0 g (black line) and 0.3 g
PEG-500 as the surfactant (red line). It can be seen
that the diffraction peaks at about 36.52, 42.41, 61.42
and 73.60 2-theta degree are matched to the (111),
(200) (220) and (311) lattice planes of the cubic phase
of CuO (PDF#65-3288), respectively. The XRD
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Figure 1 XRD pattern of the product obtained with the surfactant
of 0 g (black line) and 0.3 g PEG-500 (red line).

pattern also shows a good crystalline about the syn-
thesized product, and there was no diffraction peak
of impurity detected, which indicates the high purity

J Mater Sci (2018) 53:1318-1325

of the synthesized Cu,O powder. If we change the
amounts of the PEG-500 to 0.1, 0.5, 0.7 and 1.0 g,
respectively, in our experiment, the same XRD pat-
tern result could be obtained and only the intensity of
the diffraction peaks changed a little.

Figure 2 indicates the SEM and the TEM images of
the synthesized Cu,O powder with 0 g (a) and 0.3 g
(b, ¢ and d) PEG-500 as the surfactants. The SEM
results (as shown in Fig. 2a) indicate that the sample
which was synthesized without the surfactant shows
a cubic-like particles surface morphology with the
size around 50 nm. But things changed absolutely
when the surfactant was added in the reaction. Even
with about 0.1 g PEG-500, the product indicated a
changed trend from the cubic-like particles to the
spherical-like structures. Figure 2b, ¢ and d indicates
SEM and TEM images of the yolk-shell structured
CuyO spheres. From Fig. 2(b & c¢), the uniform
spheres can be detected and the sizes are much big-
ger than the cubic-like particles, and it can be seen
that the spheres were assembled from many small

Figure 2 a and b shows the SEM images of the products obtained
at 0 g (a), 0.3 g (b), PEG-500, respectively. Figure 2¢ and d
indicates the yolk-shell structure of the Cu,O synthesized with

@ Springer

0.3 g PEG-500. And the inset in the Fig. 2d shows the HRTEM
image and SAED pattern of these Cu,O slices.
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particles. The broken spheres can be detected in the
Fig. 2b, which has been zoomed in and shown in
Fig. 2c, where the yolk-shell structure of the Cu,O
can be detected directly. The TEM image in Fig. 2d
can further determine the yolk-shell structure of the
Cu,O sphere. The inset HRTEM picture at the lower-
left corner confirms that there are many small Cu,O
particles assembled to form the sphere. And the
selected-area electron diffraction (SAED) pattern
which was the inset in the top-right corner shows the
diffraction rings which were made up of many
diffraction spots, indicating the polycrystalline
structure of the synthesized Cu,O spheres. The
samples which were synthesized with various sur-
factants (0.1, 0.5, 0.7 and 1.0 g PEG-500, respectively)
exhibited the seam results except the sphere sizes and
uniform. The forming of the yolk-shell structured
Cu,O spheres may be attributed to the mechanism of
Ostwald ripening and the effect of the surfactant (the
ascorbic acid and the PEG-500) [19].

The synthesized yolk-shell structured CuyO
spheres were characterize by the manful XPS method
which can locate the valence of the d orbital about the
transiting metal compound easily. The full spectrum
of the yolk-shell structured Cu,O synthesized with
0.3 g surfactant is shown in Fig. 3a. In Fig. 3b, the
two peaks at about 952.1 and 932.3 eV are corre-
sponding to the Cu2p;,, and Cu2p;,, characteristic
peaks, respectively [19, 21]. And here, the O1 s peak
can be detected at about 530.6 eV which is in con-
formity to the approximate value in the references
[19, 22].

An N, adsorption—desorption isotherm was uti-
lized to imply further details about the different
structures of the surface area of the Cu,O. The results
indicate that the specific surface area of the yolk-shell
structured Cu,O spheres reaches 179 m* g~ !, which
is much bigger than that of the cubic-like Cu,O
nanoparticles (around 95 m* g~). The BJH pore size
distribution curves (the inset in Fig. 4) indicate the
average aperture of the yolk-shell structured Cu,O
spheres is mainly about 10 nm, which may provide
more electrochemical active sites and channels for
diffusion of the electrolyte, leading to outstanding
electrochemical properties as a result.

The electrocatalytic properties of the cubic-like
Cu,O nanoparticles and the yolk-shell structured
Cu,0 spheres were detected as the cathode catalyst of
the lithium-oxygen batteries. The original cycle with
the discharge/charge current density about 100, 200
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Figure 3 Survey of XPS spectra of the Cu,O sphere a and the
magnified XPS spectra b and ¢ with the exact positions of the
Cu2p and Ol s peaks, respectively.
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Figure 4 N, adsorption—desorption isotherm and pore size dis-
tribution curve (inset) of the synthesized Cu,O.
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and 500 mA g~ of the yolk-shell Cu20 spheres as the
catalytic materials is displayed in Fig. 5a. In contrast to
the much alike curves during the discharge process, it
can be seen that the charge process presented a dif-
ferent curve and the curve changed with various cur-
rent densities. The over-potential platform was very
low in our experiment, and the value was about 1.10 V
with the discharge/charge current density about 100
and 200 mA g~ '. The over-potential platform just
displayed as 1.28 V even with the extremely high
current density of 500 mA g~'. The lower over-po-
tential revealed the outstanding catalytic activity and
electrochemical stability for the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER)
[1, 2, 6, 14, 23, 24]. There the cubic-like Cu,O
nanoparticles revealed an approximately good result.
The discharge/charge performance of the yolk-shell
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Figure 5 Discharge/charge curves of Li-O, batteries assembled
with the Cu,O as the catalyst for the cathodes materials with the
current densities of a 100, 200 and 500 mA g~ for the first cycle
and b with the current density about 500 mA g~ for subsequent
cycles. ¢ The cycle number of the yolk-shell structured and cubic-
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Specific capacity / mAh g™!

like Cu,O materials as the cathodes materials with the current
density about 500 mA g~' with a limited capacity of
1000 mA h g~'. d The cycle performance of the Li-O, batteries
with the Ketjen carbon (KB) as the catalyst for the cathodes
materials.
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Figure 6 a shows the XRD spectra of the yolk-shell structured
Cu,O spheres after the 50th discharge/charge as the catalyst
activity materials for the Li-O, batteries, respectively. And the EIS
patterns before/after the original cycle were displayed in the
Fig. 6b.

structured Cu,O cathodes with a limited capacity
about 1000 mAh g~ at the higher current density of
500 mA g~ is displayed in Fig. 5b. When the dis-
charge/charge performance reached the 84th cycle, the
discharge potential got the cutoff potential of 2 V. And
in the following discharge, they did not get the limited
capacity because of the cutoff potential limit. This
phenomenon was mainly caused by the decomposi-
tion and accumulation of the binder and electrolyte
during the cycles [14, 25]. The cycle number of the yolk-
shell structured and cubic-like Cu,O for 500 mA g*l
with a limited capacity of 1000 mAh g~ is shown in
Fig. 5c. It can be seen that the cubic-like Cu,O
nanoparticles as the cathode catalyst with the limited
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capacity of 1000 mAh g~' demonstrated 40 full dis-
charge/charge cycles only, but the yolk-shell struc-
tured Cu,O sphere indicated 84 full cycles. Compared
with the cubic-like Cu,O nanoparticles, the fascinating
cycle performance of the yolk-shell structure Cu,O
sphere was mainly attributed to the super big specific
spherical surface area and the porous structure which
provided more active sites and more pathways for the
lithium ions and oxygen. Figure 5d shows the cycle
performance of the Li-O, batteries with the Ketjen
carbon (KB) as the catalyst for the cathodes materials.
A lesson from the Fig. 5d is that when only the Kb was
used as the catalyst, the cycle performance was poor
and after 20 cycles only the cutoff potential reached the
upper limited potential 4.5 V. So, the amazing cycle
performance is mainly owing to the active materials
Cu,O.

Figure 6 shows the X-ray diffraction (XRD) pattern
of the cathode catalyst materials after 80 cycles. From
Fig. 6, it could be seen that the catalyst activity cathode
is composed of the Cu,O as the catalyst activity
material, carbon paper and Li;O,. In addition, the
diffraction peaks about the Li;COj; can be detected in
the XRD pattern also and we suspect that the Li,CO3
may have come from the decomposition of the elec-
trolyte or the binder during the discharge/charge
process. The stable and undecomposed Li,CO3; was
accumulated gradually and would cover the surface
and licked up all the active sites of the activity material
and eventually lead to the failure of the catalyst
materials and the death of the Li-O, batteries
[14, 26, 27].

Good conductivity favors more active substances
involved in the electrochemical reaction, which is
conducive to improving the specific capacity and
cycle stability [28]. Here, the charge transfer impe-
dance of the battery before/after the origin cycle with
the current density of 500 mA g~ is displayed in the
Fig. 6b. From the diameter of a semicircular, it can be
found that the internal resistance is very small and
which indicated the as synthesized yolk-shell struc-
tured Cu,O spheres with good catalytic activity.

Conclusions

In summary, yolk-shell structured Cu,O spheres
were self-assembled with the small Cu,O nanoparti-
cles which were facilely synthesized with a wet-
chemistry method with the PEG-500 as the surfactant.
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The fabricated yolk-shell structured Cu,O indicated a
highly porous micro/nanostructure with nanoscale
pore size and high specific surface areas. As the
cathode catalyst activity materials of the Li-O, bat-
teries, the novel yolk-shell structured Cu,O spheres
showed a low discharge/charge potential platform of
1.10 or 1.28 V with current density of 200 and
500 mA g ', respectively. Compared with the cycling
performance of the cubic-like Cu,O nanoparticles
which were synthesized without the surfactant in this
manuscript, the yolk-shell structured Cu,O spheres
indicated a long and stable recycling time of 84 cycles
with a high current density of 500 mA g*l, which
was more than twice of the cycling life of the cubic-
like Cu,O nanoparticles. The outstanding cycling
performance of yolk-shell structured Cu,O spheres
results from the special structure and superior ORR/
OER catalytic performance. This study would set a
novel direction toward the applying of Cu,O and
CuyO-based nanocomposite as cathode for Li-O,
batteries.
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