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1. Introduction

Facile synthesis of nanocrystalline-assembled nest-
like NiO hollow microspheres with superior lithium
storage performancet

Yanwei Li, ©2*2 Yuanyuan Zheng,? Jinhuan Yao,*® Jianrong Xiao,” Jianwen Yang®
and Shunhua Xiao?

Interconnected nest-like NiO hollow microspheres assembled from nanocrystallites are prepared by a facile
hydrothermal method followed by annealing at 700 °C in air. It is noteworthy that the NiO hollow
microspheres exhibit a very significant pseudocapacitive effect which makes a great contribution to the
enhanced lithium storage performance. Benefiting from the advantages of unique nest-like
nanoarchitecture and pseudocapacitive effect, the NiO hollow microspheres show high reversible
capacity, superior cyclic performance, and excellent high rate capability. When used as anode materials
for lithium ion batteries, the NiO hollow microspheres maintain a capacity of 650 mA h g~ after 100
cycles at a current density of 1 A g~1. The capacity retention is 93%, which corresponds to a very small
capacity decay of 0.07% per cycle. In particular, even at an ultra-high current density of 10 A g7%, the

NiO electrode still delivers a stable discharge capacity of 457 mA h g~%.

associated with repeatedly volume expansion and contraction

As a type of highly efficient energy storage system, lithium ion
batteries (LIBs) have been widely used as power sources in
portable electronic devices, stationary energy storage systems, and
rapidly developing electric vehicles (EVs)."? However, the
commercial graphite anode materials in LIBs suffer from low
theoretical capacity (372 mA h g~ ') and poor rate capability, which
cannot meet the increasing requirement for more demanding
applications due to the limitations in energy capacity and reliable
operation.** Therefore, it is essential to develop alternative high-
capacity anode materials for the next-generation LIBs.

In recent years, transition metal oxides are considered as the
potential candidates for the next generation anode materials for
LIBs because of their large specific capacity, high volumetric
energy density, safety, and much improved rate capability than
those of conventional graphite anodes.>® Among those transi-
tion mental oxides, nickel oxide (NiO) has been focused on as
one of the most promising anode materials for LIBs because of
its high theoretical capacity (718 mA h g™ '), high volumetric
energy density, natural abundance, low cost, low toxicity, and
superior safety.”® However, the pulverization of NiO particles
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during lithiation/delithiation cycles leads to large irreversible
capacity loss and poor cycling stability, which greatly limits its
practical application in LIBs.>'® A promising solution is to
reduce the size of active materials to nanoscale, which can not
only shorten the diffusion pathway of both lithium ions and
electrons, but also effectively relieve the pressure derived from
the volume changes during discharge/charge cycles.'*'> Among
various nanostructures, micro/nano-structured hollow spheres
have received great attentions due to their unique structural
features, fascinating physicochemical properties, and wide-
spread applications."** Hollow micro/nano structures could
effectively accommodate the severe volume variation of elec-
trode materials upon cycling and prevent self-aggregation of the
nanoscale subunits, which could alleviate the pulverization of
active materials and significantly improve the cycling perfor-
mance.” In addition, the hollow micro/nano structures facili-
tate electrolyte penetration and provide large contact area
between the electrode and the electrolyte; the nanosized
primary building blocks could ensure short transport length for
both lithium ions and electrons, resulting in enhanced rate
capability.” For example, Huang et al.*® synthesized NiO hollow
microspheres by co-hydrolysis of nickel nitrate and tetraethyl
orthosilicate in an ammonia solution and subsequent calcina-
tion and HF treatment processes, which showed a reversible
capacity of 560 mA h g~ " after 40 cycles at 0.2 Ag~". Wang et al.?
fabricated NiO hollow spheres with size of ~2 pum using carbon
microspheres as template and it delivered a capacity of 598
mA h g™ after 50 cycles at 0.2 A g~'. However, the synthesis
procedures and reactant materials for fabricating these hollow
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structured materials are usually complex and expensive; the
sizes of products are always as large as several micrometers
resulting in lower volumetric energy density.

In the present work, we report a facile and cost-effective
method to synthesize interconnected nestlike NiO hollow
microspheres (only ~1 pum) composed of nanosized primary
particles (~50 nm). When tested as anode materials for LIBs, the
interconnected nest-like hollow structures endow NiO micro-
spheres with excellent electrochemical performance. In partic-
ular, we analyze the lithium storage mechanism of the NiO hollow
microspheres, and found that pseudocapacitive effect has a great
contribution to the high capacity and good rate capability,
providing a new approach to design and optimize micro/nano
electrode materials with superior rate performance.

2. Experimental

2.1. Synthesis of interconnected nest-like NiO hollow
microspheres

Interconnected nest-like NiO hollow microspheres were
prepared by a two-step approach of hydrothermal synthesis of
spherical Ni(HCOs3),/C precursor and subsequent heat treat-
ment in air. All the chemical agents were analytical grade and
used without further purification. In a typical synthesis proce-
dure of precursory Ni(HCOj;), microspheres, 4.16 g nickel
chloride (NiCl,-6H,0), 4.2 g urea (NH,CONH,), 4.0 g glucose
(C¢H1,06) were dissolved in 70 mL deionized water under
vigorous stirring. Then, the blue solution was transferred into
a Teflon-lined stainless steel autoclave. It was maintained at
180 °C for 4 h and then cooled naturally to room temperature.
The resultant gray black Ni(HCOj;),/C microspheres were
filtered, rinsed with deionized water three times, and freeze
dried until constant weight. Finally, nest-like NiO hollow
microspheres were obtained by calcining the precursor of
Ni(HCO3),/C microspheres at 700 °C for 3 h in a muffle furnace
with a rate of 5 °C min™ " in air.

2.2. Physical characterizations

The phase structures of the prepared samples were analyzed by X-
ray diffraction (XRD) on a X'Pert’ diffractometer (PANalytical,
Netherlands) with Cu Ko radiation (1 = 1.54056 A) over the range
of 10° to 90° (26) with a scanning speed of 5° min ‘. The
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morphologies and microstructures of the interconnected nest-like
NiO hollow microspheres were characterized by Hitachi SU-5000
field emission scanning electron microscope (FESEM) and JEM-
2100Plus high resolution transmission electron microscope
(HRTEM) with an operating voltage of 200 kv. The thermogravi-
metric analysis (TGA) was performed on a TGA Q500 thermal
analyzer at a ramp of 5 °C min " in air from room temperature to
800 °C. The nitrogen adsorption and desorption isotherms were
measured at 77 K on a Micromeritics Tristar 3020 analyzer.

2.3. Electrochemical measurements

The working electrode was prepared by mixing the active
material (the NiO hollow microspheres), conductive additive
(Super-P), and polymer binder (PVDF) in N-methyl pyrrolidi-
none (NMP) solvent with a weight ratio of 6 : 3 : 1. The resultant
slurry was then uniformly coated on a copper foil and dried in
a vacuum oven at 80 °C for 12 h. Afterward, the electrodes were
punched into disks and assembled into CR2016 coin type cells
in an high purity Ar gas filled glove box with metal lithium
sheets as the counter electrode and the reference electrode,
Celgard 2400 film as separator, and 1 M LiPF, in a non-aqueous
solution of ethylene carbonate (EC), diethyl-carbonate (DEC)
and dimethyl carbonate (DMC) (1 : 1 : 1 by volume) as electro-
Iyte. The thickness, diameter, and mass loading of the working
electrode were 8.34 pm, 15.0 mm, and ~0.8 mg, respectively.
Cyclic voltammetry (CV) was measured using an electro-
chemical workstation (CHI760E) within the voltage range from
0.01 V to 3.0 V (vs. Li/Li"). Electrochemical impedance spec-
troscopy (EIS) was conducted on electrochemical workstation
(CHI760E) at a frequency range that varied from 10 mHz to 100
kHz with an AC signal amplitude of 5 mV at open-circuit
potential (OCP) in a fully charged state. The discharge/charge
cycling performance was tested on the Neware BTS-5 V/10 mA
multi-channel battery testing system between 0.01 V and 3.0 V
vs. Li'/Li. All measurements above were carried out at room
temperature (25 °C).

3. Results and discussion
3.1. Structure analysis of the prepared samples

Fig. 1a shows the XRD pattern of the precursor before
annealing in air. All the diffraction peaks are well-matched
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Fig.1 XRD patterns of the NiO precursor (a) before and (b) after annealing. The vertical lines at the bottom are the standard diffraction peaks of

Ni(HCOs), (JCPDS 152-0782) and NiO (JCPDS 47-1049).
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(a) TGA plot of the NiO precursor and (b) nitrogen adsorption/desorption isotherm curves (inset: BJH pore size distribution of corre-

sponding sample) for the interconnected nest-like NiO hollow microspheres.

with the Ni(HCOj3), (JCPDS 152-0782)."® The strong and narrow
peaks suggest that the as-synthesized Ni(HCO;), is of high
crystallinity. No diffraction peaks of carbon are observed
because the carbon is in the amorphous state. Fig. 1b gives the
XRD pattern of the final sample prepared by annealing the
precursor at 700 °C for 3 h in air. The five strong and well
defined diffraction peaks at 37.12°, 43.16°, 62.77°, 75.30°, and
79.29° are perfectly indexed to the (111), (200), (220), (311),
(222) planes of face-centered cubic NiO phase (JCPDS 47-1049),
respectively. No other diffraction peaks are observed, indi-
cating that the precursor has completely converted to the cubic
phase NiO after annealing in air. The average crystallite size
calculated using the Scherrer equation is about 50 nm, which
is in good accordance with the TEM examination (Fig. 3f).

Fig. 2a presents the TGA plot of the precursor tested in air
atmosphere. The first weight loss of 4.2 wt% from 25 to 200 °C
indicates the loss of adsorbed water molecules. The weight loss
of 15 wt% from 200 °C to 340 °C can be ascribed to oxidation of
carbon microspheres.” The sharp weight loss of 30% from
350 °C to 450 °C can be attributed to the decomposition of
Ni(HCO3),."* With the temperature increasing from 450 °C to
700 °C, the TGA curve almost remains, implying that the
precursor has been completely converted to NiO. The Brunauer—
Emmett-Teller (BET) surface area of the NiO sample is char-
acterized by nitrogen adsorption/desorption isotherms at 77 K.
As shown in Fig. 2b the isotherm profile of the sample exhibits
a typical type IV curve with a H3 hysteresis loop, suggesting the
existence of a large number of mesopores in the NiO sample.
The BET surface area is 7.9 m> g~ *. Through Barrett-Joyner-
Halenda (BJH) analysis (inset in Fig. 2b), the pore size distri-
bution ranges from 2 to 18 nm and the dominant peak is at
4 nm, suggesting the mesoporous nature of the NiO hollow
microspheres. The result is in accordance with the HRTEM
images as shown in Fig. 3f and g. The mesopores in NiO sample
may benefit the penetration of electrolyte into NiO and diffu-
sion of Li* into active sites with less resistance, and in addition
can buffer the large volume expansion during discharge/charge
cycles.

Fig. 3 presents the SEM images of the precursor and as-
prepared NiO sample. As shown in Fig. 3a and b, it is

This journal is © The Royal Society of Chemistry 2017

observed that the precursor is composed of interconnected
microspheres with a rough surface. After the annealing treat-
ment, the precursor transforms into interconnected nest-like
hollow microspheres (Fig. 3c and d). The shell of the NiO
hollow microspheres is assembled from small nanoparticles.
Fig. S1f shows the average diameter of the NiO hollow
microspheres is about 1 um. To better illustrate the structure
and porosity of the as-prepared NiO sample, representative
TEM images are shown in Fig. 3e and f. Fig. 3e further
evidences that all the microspheres have a hollow interior and
interconnect with adjacent ones. The average size of the
primary  building  blocks in the NiO  hollow
microspheres observed from the TEM image (Fig. 3f) is about
50 nm, which is consistent with the XRD results. The HRTEM
image shown in Fig. 3g reveals the clear lattice fringes of the
NiO nanoparticles with a lattice interplanar spacing of
0.15 nm, which corresponds to the (220) crystal plane of
NiO and is also well consistent with the XRD results. The
corresponding selected area electron diffraction (SAED,
Fig. 3h) pattern displays five diffraction rings assigned to the
(111), (200), (220), (311), and (222) planes, respectively, indi-
cating the polycrystalline nature of the NiO hollow
microspheres.

Based on the above analysis, the preparation process of the
interconnected nest-like NiO hollow microspheres is illustrated
in Fig. 4. In this preparation process, glucose is first hydro-
thermal polymerized and carbonized to form carbon micro-
spheres under hydrothermal condition.*® The presence of many
hydrophilic oxygen-containing functional groups (particularly
hydroxyl and carboxyl groups) on the surface of carbon micro-
spheres provide abundant negative-charged active sites to
adsorb Ni*** The gradually generated HCO;~ from urea
decomposition reacts with the adsorbed Ni*" on the surface of
the carbon microspheres and forms Ni(HCO;), coating layer by
Ostwald ripening (as illustrated in eqn (1)-(5)).>*** Finally,
interconnected nest-like porous NiO hollow microspheres can
be obtained after a simple annealing of Ni(HCO3),/C precursor
in air. The following reactions are involved in the formation of
Ni(HCO;), and NiO.

RSC Adv., 2017, 7, 31287-31297 | 31289
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Fig. 3 SEM images of the NiO precursor (a and b) and the NiO hollow microspheres (c and d). TEM images (e and f), HRTEM image (g) and SAED
pattern (h) of the NiO hollow microspheres.
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CO(NH,), + H,0O — 2NH; + CO,1 (1)
NH;-H,O — NH,* + OH™ (2)
CO, + 20H™ — CO;*™ + H,0 (3)
COs*~ + H,0 + CO, — 2HCO;~ (4)
Ni** + 2HCO;~ — Ni(HCO3), | (5)
Ni(HCO;3), — NiO + 2CO,1 + H,01 (6)

3.2. Electrochemical performance of the prepared samples

Fig. 5a gives the CV curves of the interconnected nest-like NiO
hollow microspheres at the initial four scanning cycles. In the
first CV cycle, the intense irreversible cathodic peak at 0.50 V
can be ascribed to the initial reduction of Ni*" to Ni° the
generation of Li,O matrix, and the formation of the solid
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electrolyte interface (SEI) layer on the surface of electroactive
materials;* the oxidation peak at about 2.16 V corresponds to
the reversible oxidation of Ni° to Ni**, decomposition of Li,O to
Li, and the partial dissolution of SEI.”? In the second CV cycle,
the shift of reduction and oxidation peaks to 1.31 V and 2.23 V
from 0.50 V and 2.16 V, respectively, are due to the drastic
lithium-driven structural or textural modifications.>** After the
second cycle, the CV profiles are almost overlapped each other,
suggesting a good electrochemical reversibility and a cyclic
stability of the synthesized NiO hollow microspheres.*

Fig. 5b gives the galvanostatic discharge/charge curves of the
interconnected nest-like NiO hollow microspheres for the 1%,
2nd 5t 15™ 50™ 80™ and 100™ cycle at a current density of 1
A ¢~ in the voltage range of 0.01-3.0 V. For the first discharge,
there exists a long potential plateau at ~0.50 V corresponding to
the reduction of Ni** to Ni® and the formation of Li,O and solid
electrolyte interface (SEI) film.>* The initial discharge/charge
capacities are 1190/753 mA h g~', and the corresponding
is 63.2%.
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performance at different current density, and (f) the representative discharge/charge voltage profiles at various rates of the NiO hollow
microspheres electrode. () Comparison of the rate capabilities with previous reported NiO-based materials.
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Table1 Comparison of the lithium storage performance of the interconnected nest-like NiO hollow microspheres electrode to reported NiO-

based materials

Samples Current density (mA g™ ) Capacity retention (mA h g™ Ref.

NiO hollow microspheres 1000 650 after 100 cycles This work
Porous NiO film 71.8 570 after 40 cycles 26
Nano-NiO particles 718 592 after 50 cycles 27

NiO nanowall array 300 567 after 50 cycles 28

NiO nanowall array 500 564 after 50 cycles 29

NiO microsphere 502 597 after 100 cycles 30
Nanoporous NiO films 143 543 after 100 cycles 31

NiO nanoflakes 50 411 after 20 cycles 32
Ni-coated NiO 100 640 after 50 cycles 33

inefficiency at the first cycle can be ascribed to the presence of
side reactions, such as irreversible electrolyte decomposition
and formation of SEI layer,*'* which is common in most tran-
sition metal oxides.>*** From the second cycle onward, the
discharge plateau shifts to 1.0-1.3 V, while the charge plateau
slightly shifts to higher potential, which is consistent with the
CV results. In particular, the charge potential plateau almost
disappears in the 100™ cycle.

Fig. 5c shows the cycling performance and coulombic effi-
ciency of the NiO electrode at a current density of 1 A g~ ' in the
voltage range of 0.01-3.0 V. The formation of SEI layer on the
electrode materials leads to low coulombic efficiency at the first
cycle. After the initial 5 cycles, the coulombic efficiency drasti-
cally increases up to 98%. After 100 cycles, the NiO electrode can
still delivers a discharge capacity of 650 mA h g™, and the
capacity retention is 92.86% compared to the 5t cycle. The
discharge capacity and cycling stability are much superior to the
previous reported NiO-based electrode materials (as listed in
Table 1).

The rate capability of the interconnected nest-like NiO
hollow microspheres is presented in Fig. 5d. The stable
discharge capacities of the NiO hollow microspheres at current
densities of 0.5, 1, 3, 5, and 7 A g~ ! are around 766, 704, 605,
541, and 509 mA h g™, respectively. When cycled at even the
high rate of 10 A g%, a capacity of 457 mA h g~ can be still
maintained, which is much higher than the theoretical capacity
of graphite (378 mA h g !). Furthermore, while the current
density jumps back to the 1 A g7, the discharging capacity
recovers to the value of around 740 mA h g~ *. The above results
demonstrate that the NiO hollow microspheres have excellent
rate performance, high reversibility, and stability for high power
LIBs. Fig. 5e gives the selected discharge/charge voltage profiles
of the NiO hollow microspheres at various current densities. It
can be seen that with the increase of current densities, the
discharge voltage decreases and the charge voltage increases
due to the increasing polarization effect.®* However, even under
ultrahigh current densities, such as 7 Ag ' and 10 A g™, these
discharge and charge plateaus can still be well distinguished,
suggesting the outstanding high-rate performance. The rate
capability of this NiO hollow microspheres is obviously better
than those previous reported NiO-based electrode materials as
shown in Fig. 5f.

31292 | RSC Adv., 2017, 7, 31287-31297

To better understand the superior electrochemical perfor-
mance of the NiO hollow microspheres, EIS measurements are
performed on the electrode before and after the 1%, 5t 15th
35", 60", 80™, and 100™ cycle and the results are shown in
Fig. 6. All EIS experiments are performed in the charged state at
open-circuit potential (OCP). Before discharge/charge process,
the spectrum is composed of one depressed semicircles in the
high-frequency region and a sloped line in the low-frequency
region (Fig. 6a). The depressed semicircle in the high-
frequency region reflects the charge transfer resistance (R.)
between the electrode and the electrolyte, while the sloped line
in the low-frequency region is related to the lithium ion diffu-
sion impedance.*”** In the initial 15 cycles, only one depressed
semicircle is observed in the high to medium frequency range
suggesting that the effects due to surface film and charge
transfer are not separable. In this case, the combined process of
surface film resistance (Rs) and the charge transfer resistance
(Rct) could be assigned as Rg.cr. These Nyquist plots are fitted
with the equivalent circuit shown in the inset of Fig. 6a. CPE is
the constant phase element to account for the depressed
semicircle in the experimental spectra. The Rgs.. decreases
from 84.05 Q for the 1°* cycle to 41.37 Q for the 15 cycle, which
associates with the activation process of electrode and the
formation of SEI film during the initial cycles. After 15 cycles,
the resistance of the electrode decreases very slowly and double
semicircles appear gradually in the high to medium frequency
range (Fig. 6b), suggesting that the surface film (Ry) and charge
transfer resistances (R.) are well separated. These Nyquist plots
are fitted with the equivalent circuit shown in the inset of
Fig. 6b. The calculated R (Re) in 35™ cycle, 60™ cycle, 80™
cycle, and 100" cycle are 3.35 Q (32.8 Q), 3.45 Q (34.53 Q), 4.10 Q
(32.80 Q), and 4.28 Q (29.17 Q), respectively. The fitted results
are plotted in Fig. S2.T The stable impedance is favorable for
elongating the lifetime of a cell, which partly explains the
excellent cyclability of the NiO hollow microspheres as shown in
Fig. 5c.

The Li" diffusion coefficients (D) in the NiO hollow micro-
spheres after different cycles are also estimated according to the
following equation:*®

RZ T2
T 22 FACla 2 )

This journal is © The Royal Society of Chemistry 2017
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~12 at low frequencies. (d) Li* diffusion coefficients of the

interconnected nest-like NiO hollow microspheres after various discharge/charge cycles.

where R is the gas constant, T is the absolute temperature, 4 is
the surface area of the anode, 7 is the number of electrons per
molecule during cycling, F is Faraday constant, C is the
concentration of lithium ion, gy, is the Warburg factor which
can be obtained from the following equation:

Z = Ry + Ry + a0 7 (8)
where R, is the resistance of the electrolyte and electrode
material, R, is the charge transfer resistance and w is the
angular frequency in the low frequency region. The relationship
plot between Z' and w™*? at low frequency region is shown in
Fig. 6¢. The result in Fig. 6d calculated by eqn (7) and (8) clearly
elucidates that the Li* diffusion coefficient for the 1°° cycle
slightly increases from 8.84 x 107"° em® s™! to 9.86 x 10~ "°
ecm? s~ for the 35" cycle due to the activation process of elec-
trode. After 35 cycles, the Li' diffusion coefficient sharply
decreases to 3.61 x 10~ *° em? s™* for 60™ cycle, which can be
explained as the stable formation of SEI film resulting in the
separation of the surface film resistances (Ry) and charge
transfer resistances (R.) as shown in Fig. S2.}

Generally, the charge storage mechanism of electrode active
materials can be classified into components: the faradaic
contribution from Li" intercalation process and surface capac-
itive effect (including pseudocapacitance and double-layer
capacitance).* It has been reported that both the total stored
charge and the capacitive contribution to the stored charge
increase with decreasing particle size to nanoscale for some
metal oxides.*”** Since the average size of the primary particles

This journal is © The Royal Society of Chemistry 2017

of the NiO hollow microspheres is only ~50 nm, it is very
necessary to analyze the capacitive contribution to the total
stored charge. Gradually increasing voltammetric scan rates are
used to calculate and identify the capacitive contribution as
shown in Fig. 7a. According to the analysis proposed by Dunn
and coworkers,** the total current response (i) at a fixed
potential (V) can be described as the combination of surface
capacitive effect and diffusion-controlled insertion processes
(eqn (9) and (10)).

I(V) = klv + kzvl/z (9)

i(N'? = k' + ky (10)
where kv represents the total surface capacitive contribution,
and k'’ stands for the contribution of the diffusion-controlled
insertion process. The linear plot of i/v'/? versus v*'* is used to
determine k; and k, as shown in Fig. 7b. Fig. 7c gives a typical
separation of the capacitive and diffusion currents at a scan rate
of 2.4 mV s~ . The diffusion-controlled insertion processes is
mainly occurred at around the peak voltage, indicating that the
diffusion process is feasible at this region and corresponds to
a redox reaction between Ni’/Ni*". Fig. 7d shows the total stored
charge due to both diffusion-controlled insertion processes and
surface capacitive for LIBs at various scan rates. The diffusion-
controlled insertion processes contribution is 58% at 0.1 mV
s ' and sharply decreases when increasing scan rate from 0.1 to
5 mV s~ !, while the surface capacitive contribution gradually
dominates the total capacity and is up to 83% at 5 mV s~ . These
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Fig.7 (a) CV curves of the interconnected nest-like NiO hollow microspheres electrode at different scan rates; (b) the fitted lines of i(V)/v'/2 vs. i/

vl/ 2

at different voltage (1.7 V, 0.1V for cathodic scan and 2 V, 2.9 V for anodic scan); (c) CV curves of the interconnected nest-like NiO hollow

microspheres electrode at 2.4 mV s~ (the red and blue shaded portion in the CV plot correspond to intercalation effect and capacitive effect,
respectively); (d) capacitive contributions to the total capacity under different scan rates.

results indicate that surface capacitive contribution accounts
for a significant proportion of the total capacity, particularly at
high scan rates. It is noteworthy that the double layer effect
mainly depends on the surface area. However, the surface area
of the as-synthesized NiO hollow microspheres is only 7.9 m>
g~ '. Therefore, the great contribution of pseudocapacitive effect
to the total stored charge accounts for the excellent high rate
capability of the NiO hollow microspheres. These results
suggest that the charge stored at the surface of the NiO hollow
microspheres from the pseudocapacitance storage mechanism
can be a very important factor in achieving high values for the
gravimetric energy density.

To ensure the retention of the porous hollow microspheres
morphology after cycling, SEM analysis is performed after 80
cycles and 100 cycles at a current density of 1 A g '. For
comparison, the as-prepared NiO hollow microspheres elec-
trode is also subjected for the SEM investigations and obtained

image is also presented in Fig. 8. It can be seen that the as-
prepared NiO hollow microspheres electrode shows the pres-
ence of nest-like hollow microspheres morphology before
cycling, indicating the good mechanical strength of this porous
hollow microspheres structure (Fig. 8a). After 80 cycles, the
porous hollow microspheres structure is well retained except for
slight pore expansion (Fig. 8b). After 100 cycles, the complete
microspheres structure is difficult to distinguish resulting from
the squeeze of separator and the volume expansion during
cycling, but the hollow frame is still retained (Fig. 8c). It is noted
that the porous hollow structures in the microspheres could
improve the structural integrity and accommodate the

mechanical strain caused by the volume change during
discharge/charge process. Thus, this porous hollow micro-
spheres structure contributes greatly to its superior cycling
stability.

Fig. 8 SEM images of the interconnected nest-like NiO hollow microspheres electrodes (a) before cycling, (b) after 80 cycles, and (c) after 100

cycles.
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The superior lithium storage performance of the inter-
connected nest-like NiO hollow microspheres is believed to be
based on their unique architecture resulting from the following
aspects: the nano-sized building blocks (very small nano-
particles with diameter around 50 nm) facilitate the transport of
both lithium ions and electrons due to the short diffusion
length. The mesoporous hollow microspheres structure not
only ensures efficient electrolyte penetration and increases the
contact area between active materials and electrolyte, but also
effectively relaxes the mechanical strain generated upon the
discharge/charge cycling. The micro-sized and robust porous
hollow microspheres secondary structure can effectively
suppress self-aggregation and structural degradation upon
cycling. The special interconnected chain-like mesoporous
shells can provide a continuous electronic transfer channel and
greatly reduce the path lengths of lithium ions diffusion.
Moreover, the great contribution of pseudocapacitive charge
storage in the discharge/charge process facilitates the
improvement of rate capability. The integration of all these
advantages enhances the lithium storage performance of the
interconnected nest-like NiO hollow microspheres.

4. Conclusions

In summary, interconnected nest-like NiO hollow microspheres
were successfully fabricated via a facile and cost effective
hydrothermal method followed by a simple sintering process.
The unique nanoscale characteristics, including interconnected
chain-like mesoporous spherical shells, hollow microspheres
structure, nanoparticle building blocks, and highly porous
structure of these NiO hollow microspheres lead to the superior
electrochemical performance in terms of their high lithium
storage activity, good cyclability, and excellent rate capability
when they are used as a anode active material for LIBs. It
delivers a good reversible capacity of 650 mA h g~ " after 100
cycles at a current density of 1 A g~ with only 0.07% decay per
cycle. When cycled at 5 A g and 10 A g, it still displays
a stable capacity as high as 541 mA h ¢! and 457 mA h g™,
respectively. More importantly, computational modeling indi-
cates that the pseudocapacitive effect accounts for a significant
portion of the total capacity. The obtained excellent perfor-
mance, particularly the excellent rate capability associated with
pseudocapacitive effect, opens up new opportunities in the
development of high performance next-generation LIBs used
for alternative energy and electric transportation.
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