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Doping is an effective way to optimize the properties of electrode materials. In this study, hollow Cu-doped
NiO microspheres were obtained via the hydrothermal method, in which the microspheres were
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exhibits prominent initial capacity (1180 vs. 900 mA h g% and better rate capability (80% vs. 30%

DOI: 10.1039/c9ra03780b retention) as anode materials. The superior electrochemical properties could be attributed to the
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1. Introduction

Recently, with the depletion of fossil fuels, and the utilization of
renewable energy, developing the corresponding energy storage
devices has become more and more vital." Next-generation
lithium jon batteries (LIBs) are widely applied in portable
electronic devices due to their excellent energy density, long
cycling life, and good environmental compatibility.>® However,
the widely used conventional graphite anode material has a low
Li" diffusion coefficient and inferior theoretical specific
capacity (372 mA h g~ ').%” Moreover, the operating potential of
graphite is below 0.2 V (vs. Li/Li") and lithium dendrites will
grow on the anode surface if the state is overcharged, which can
cause serious safety issues.® Therefore, the challenge continues
for searching for promising alternative anode materials that
exhibit higher performances.®™*

Transition metal oxides (TMOs), especially nickel oxide
(NiO), are showed increasing solicitude as anode materials,
which is attributed to its outstanding energy density and its
high capacity that is at least twice of graphite.*> Unfortunately,
NiO anode materials can not suffer grievous volume expansion,
which gives collapses the material structure, thus not
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enhanced conductivity by Cu doping.

maintaining long cycling stability.****> In addition, due to the
inferior conductivity and volume strain of the NiO crystal, the
electrochemical properties also decrease sharply.'®'” Appro-
priate doping of metal ions can be a practical method to
improve the electronic conductivity.’**° In recent years, Thi
et al® reported a Co-doped NiO nanoparticle, which was
prepared via polyol-based solvothermal method, the capacity
maintained a value of 1017 mA h g~ ! after 50 cycles at 0.1 C.
Chen et al.*® produced Cu-doped CoO hierarchical structures
electrode material by hydrothermal reaction, and the capacity
maintained was 800 mA h g~ " after 80 cycles at 0.5 C. Li et al.>®
reported the production of Li-doped NiO for anode materials via
spray pyrolysis, whereby the electrode revealed outstanding
electrochemical property with the capacity of 907 mA h g~ " after
100 cycles at 0.5 C. This portend that controlled chemical
doping of metals has also been proven to strengthen the elec-
trochemical properties of NiO electrode for LIBs. In addition,
the ionic radius of Ni** (0.55 A) is similar to Cu®* (0.57 A), where
there is only small lattice expansion of NiO when the Cu** take
the place of Ni*".* Besides, it is reported that the first-principle
calculations and experiment demonstrated that the doping of
Cu can change the orientation of crystal growth and signifi-
cantly enhance the stability of CoO,>® and Nam et al. confirmed
that Cu-doped dual phase Li;TisO;,-TiO, composite can reach
a great improvement in the electrochemical performance.*®
However, there are infrequent reports for Cu doped NiO anode
material for LIBs.

Herein, Cu-doped NiO hollow microspheres aggregated from
50-100 nanoparticles were synthesized via one-step hydro-
thermal way. As anode material, an upper capacity of
1180 mA h g~ was achieved, compared to the original NiO
microspheres (900 mA h g ). Moreover, the Cu-doped NiO
electrode maintains 80% capacity through a varied current
density measurement, while the original NiO electrode retains
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only 30% of the initial capacity. Thus, the Cu-doping is a prac-
tical strategy to strengthen the electrochemical properties of
NiO, demonstrating enormous potential as electrode materials
for LIBs.

2. Experimental section
2.1 Preparation process

NiO was prepared via a hydrothermal way. Firstly, 4 mmol
Ni(NO3),-6H,0, 30 mmol urea and 2 g cetyltrimethyl ammo-
nium bromide were dissolved in 70 mL deionized water to form
a pellucid liquor. The mix was then stirred for 2 h and trans-
ferred into a 100 mL autoclave. The solution was maintained at
70 °C with the soaking time of 24 h, followed by heating to
120 °C with the soaking time of 12 h. The sediment was ob-
tained by centrifugation after the liquor come to room
temperature, and washed alternately with three times of ethanol
and three times of deionized water. Finally, the intermedium
was calcined at 600 °C in N, atmosphere with the soaking time
of 2 h to obtain NiO.

Analogously, the Cu-doped NiO was obtained with a mole
ratio of Ni : Cu = 0.95 : 0.05, i.e., 0.2 mmol Cu(NO3),-3H,0 was
added to the above hybrid liquor. Following the same heating
and washing procedure for the preparation of NiO, Cu-doped
NiO samples were obtained.

2.2 Characterizations

The products were characterized using a PANalytical X' Pert X-
ray diffractometer (Holland), a field emission scanning elec-
tron microscope (SEM, S-4800, equipped with EDS), and
a transmission electron microscope (TEM, JEM-2010F). X-ray
photoelectron spectroscopy (XPS, Thermo VG Scientific).

2.3 Electrochemical measurements

The electrochemical property of the products was estimated
using coin cells (CR2032, Hefei Ke Jing Materials Technology
Co., LTD.). The working electrode was prepared using 70 wt%
active material (NiO and Cu-doped NiO), 20 wt% acetylene
carbon black (conductive agent), and 10 wt% polyvinylidene
fluoride (PVDF) binder. And 1 M LiPF, in ethylene carbonate
(EC) and diethyl carbonate (DEC) (1 : 1 by volume) was served as
the electrolyte. The electrochemical property was evaluated by
NEWARE-BTS battery tester and Autolab (PGSTAT302N
potentiostat).

3. Results and discussion

The crystalline structure and phase purity of the original NiO
and Cu-doped NiO were characterized by XRD. As shown in
Fig. 1, both of the NiO and Cu-doped NiO patterns reveal five
distinct peaks at 26 degrees of 37.2, 43.3, 62.8, 75.4 and 79.3,
which could be discovered to (111), (200), (220), (311) and (222)
lattice planes of cubic phase NiO (JCPDS no.73-1523) as shown
in Fig. 1. Interestingly, there are four small peaks obtained from
the XRD pattern of Cu-doped NiO sample (marked with a blue
star). The diffraction peaks at 36.6, 42.6, 61.8 and 74.0 degrees
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Fig. 1 XRD patterns of NiO and Cu-doped NiO.

could be respectively allotted to the (111), (200), (220) and (311)
lattice planes, respectively indexed to the cubic phase of CuO
(JCPDS no. 78-0428). As the peaks are weak, a more detailed
analysis was carried out to confirm the success of Cu doping, as
detailed later.

The Fig. 2 displays the morphology of the original NiO
products using SEM and TEM techniques. A single NiO
demonstrate a micro-spherical morphology with diameter of
~1-3 pm (SEM image of Fig. S1t displays the large scale NiO
microspheres). The enlarged SEM image (Fig. 2b) shows that the
microsphere is aggregated from a large number of nano-
particles. It is demonstrated that the nanoparticles are not of
regular morphology and have a particle size of ~20-50 nm
(Fig. 2¢). Fig. 2d is the high resolution TEM (HRTEM) image of
a single NiO particle, showing the interplanar d-spacing of 0.24
that matches to the (111) plane of NiO.

After doping Cu on NiO, the products are also characterized,
Fig. 3a and b show the SEM images of Cu-doped NiO (Fig. S1b¥
shows the corresponding lower magnification SEM image of

Fig. 2 (a and b) Low and enlarged SEM images of NiO, (c) TEM image
of NiO nanoparticles, (d) HRTEM image of NiO.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a and b) Low-resolution and enlarged SEM images of Cu-
doped NiO, (c) TEM image of Cu-doped NiO nanoparticles and (d)
HRTEM image of CuO phase in NiO.

large scale products). The morphology is similar to the NiO
sample, which consists of microspheres aggregated from small
nanoparticles. Interestingly, the Cu-doped NiO microspheres
are of a hollow structure. The corresponding EDS pattern in
Fig. S27 confirm the existence of Ni, Cu and O in the doped
material. Fig. 3c shows the Cu-doped NiO nanoparticles with
irregular shape and a particle size (50-100 nm) which is larger
compared to undoped NiO nanoparticles. From the HRTEM of
the Cu-doped NiO (Fig. 3d), it is observed that some small
particles and idiosyncratic lattice structure exist, except for the
interplanar d-spacing of 0.24 that correspond to the (111) plane
of cubic phase NiO, the d-spacing of 0.21 is correspond to the
(200) plane of cubic phase CuO, which matches well with the
XRD.

Owing to the weak intensity of the CuO phase in Cu-doped
NiO XRD pattern, XPS spectra of Cu-doped NiO have been
carried to certify the impact of Cu doping in the valence state of
NiO (Fig. 4). Fig. 4a displays the full XPS spectrum of Cu-doped
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Fig. 4 (a) XPS wide spectrum of the obtained Cu-doped NiO sample.
The XPS high-resolution spectra of (b) Ni2p, (c) Cu2p and (d) O1s.
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NiO samples, which suggests the presence of Ni, Cu and O. The
XPS high-resolution spectra are further analyzed and presented
in Fig. 4b. The Ni2p signals at the location of ~853.5 and
~855.2 eV is due to 2p;/, peaks, and the additional peak located
at around 860.7 eV is matched to the satellite of Ni2p;/,. The
location of ~871.5 eV and 879.5 eV are due to 2p,,, and satellite
of Ni2p;,, respectively.””*® Fig. 4c shows the matching 2p core
level XPS spectrum of the Cu in the doped sample. The recorded
spectrum displays the Cu2p signals at the location of ~933.5
and 953.5 eV that are matched to Cu2p;/, and Cu2p,,,, respec-
tively. The other peaks at 941.3, 943.6 and 962.2 eV are ascribed
to the strong Cu®" satellites.?” The O1s spectrum is detected in
Fig. 4d, and the peaks at 531.2 and 529.3 eV could be corre-
sponded to the exist of oxygen ions existing in the Cu-doped
NiO.*

To confirm the properties of Cu-doped NiO microspheres,
the Cu-doped NiO microspheres were fabricated as an electrode
and at the electrochemical measurements were conducted
using the Autolab electrochemistry workstation. Fig. 5a shows
the CV of the 2™ cycle of both the Cu-doped NiO and general
NiO (the first 3 cycles are shown in Fig. S3 and S4t). The loops of
Cu-doped NiO are much larger than the general NiO, which
indicates that the capacity of Cu-doped NiO electrode is supe-
rior compared to the general one. In addition, except for the
strong peak at ~1.1 V which is put down to the reaction of NiO,
a weak reduction peak exists in the CV of Cu-doped NiO elec-
trode at 1.65 V. The latter could be attributed to the electro-
chemical reaction of small amounts of Cu doping.”* Based on
the analysis of the CV curves and previous reports, the Li reac-
tions for Cu-doped NiO microspheres could take place as
follows:**

NiO + 2Li" + 2¢~ < Ni + Li,O
CuO +2Li* + 2¢~ « Cu + Li,0

GCD tests were performed to determine the effect of the Cu-
doping of NiO electrode on the specific capacity values. As
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Fig. 5 (a) CV curves of Cu-doped NiO and original NiO at 0.1 mV st
scan rate, (b) galvanostatic charge—discharge (GCD) profiles for first
three cycles of Cu-doped NiO at 100 mA g2, (c) rate capability and (d)
cycling performances for NiO and Cu-doped NiO.
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shown in Fig. 5b, the GCD curves for the 1%, 2"% and 3™ cycles of
the Cu-doped NiO electrode at 100 mA g '. A wide voltage
plateau is discerned in the initial discharge curve between 0.5 V
and 0.7 V. Moreover, there is a small plateau in the 1% cycle at
~1.1V compared with the un-doped electrode (Fig. S5t), which
is put down to the influence of Cu doping.** The initial charge
capacity for the Cu-doped NiO electrodes is ~1180 mA h g™ *,
which is much higher compared to the NiO electrode
(~900 mA h g™ ).

The rate property of the NiO and Cu-doped NiO electrodes is
shown in Fig. 5c, which demonstrates the better rate perfor-
mance of Cu-doped NiO electrode than that of the NiO electrode
at 0.1, 0.2,0.5,1 and 2 A g~ . The Cu-doped NiO displays higher
discharge capacity than the general one, followed by capacity
decay with an increase in the current density. In addition, when
the current density of Cu-doped NiO electrode was reduced
again to 0.1 A g ' after cycling, the capacity obtains ~80%,
which outperforms the NiO electrode (~30%).

Fig. 5d presents the cycling property of NiO and Cu-doped
NiO at 100 mA g ' for 30 cycles. The capacity of Cu-doped
NiO was calculated to be ~1180 mA h g in the first cycle,
and maintaining capacity values of ~540 mA h g~ ' after 30
cycles. However, the property of the NiO severely deteriorated,
whereby the capacity value decreased to ~210 mA h g~ " after 30
cycles starting with initial capacity of ~900 mA h g~ in the 1%
cycle. The significant increase in the capacities obtained with
the Cu-doping of the NiO electrode is attributed to the
increasing conductivity upon Cu-doping of the electrode.”*
Moreover, the initial coulombic efficiency of Cu-doped NiO is
75%, and the efficiency remains above 90% after the first cycle,
indicating a high and fast accessibility for lithium insertion/
extraction into/from Cu-doped NiO hollow microspheres.

The Nyquist plots of Cu-doped NiO and un-doped NiO are
presented in Fig. 6. The intersection point on the real axis is
matched the electrolyte resistance. The semicircle area in the
high frequency is the representative of R in the electrode/
electrolyte interface, and the inclined line in low frequency
region is matched to Warburg impedance.” A semicircle of
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Fig. 6 Electrochemical impedance spectra of the NiO and Cu-doped
NiO.
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smaller diameter was obtained after comparing with the NiO
one, whereby the R.. of the Cu-doped NiO microspheres was
evaluated to be 68 Q, while that of NiO sample to be 148 Q. The
decrease in the R, upon doping the NiO with Cu can be put
down to the more effective ion and electron transfer.”® This
proves that the Cu-doped NiO electrode demonstrates
enhanced electrode reaction kinetics of the lithium ion battery.

4. Conclusion

Hollow Cu-doped NiO microspheres were prepared via a facile
one-step hydrothermal way. The hollow structure dramatically
increases the contact of electrode and electrolyte, and effectively
remit the volume expansion during the charge/discharge
process. The Cu-doped NiO microspheres electrode possesses
an outstanding high initial capacity of ~1180 mA h g ' at
100 mA g~ with enhanced rate property (80% retention after
varied current densities measurement) compared to un-doped
NiO electrodes. The splendid electrochemical property of the
Cu-doped NiO is mainly ascribed to (i) the doping of Cu element
causes the material to transform into a hollow structure during
the synthesis process, which greatly buffers the bulk stress
during lithiation; (ii) the improved electrical conductivity of
electrode materials after Cu doping, which is a promising way to
satisfy the requirements of high-performance Li-ion batteries.
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