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Abstract Highly dispersed ZnO nanoparticles were prepared
by a versatile and scalable sol-gel synthetic technique. High-
resolution transmission electronic microscopy (HRTEM)
showed that the as-prepared ZnO nanoparticles are spherical
in shape and exhibit a uniform particle size distribution with
the average size of about 7 nm. Electrochemical properties of
the resulting ZnO were evaluated by galvanostatic discharge/
charge cycling as anode for lithium-ion battery. A reversible
capacity of 1652 mAh g ' was delivered at the initial cycle
and a capacity of 318 mAh g_1 was remained after 100 cycles.
Furthermore, the system could deliver a reversible capacity of
229 mAh g ' even at a high current density of 1.5 C. This
outstanding electrochemical performance could be attributed
to the nano-sized features of highly dispersed ZnO particles
allowing for the better accommodation of large strains caused
by particle expansion/shrinkage along with providing shorter
diffusion paths for Li" ions upon insertion/deinsertion.
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Introduction

Due to their superior energy density, stability, and long cycle
life, lithium-ion batteries (LIBs) have been under intense scru-
tiny in the portable electronics industry [1, 2]. Since the first
commercial LIBs were introduced by Sony Corporation in
1991, graphite was one of the most widely used anode mate-
rials for these batteries [3]. However, its low theoretical ca-
pacity (372 mAh g_l) limits its application especially in rap-
idly developing large-scale energy storage and electricity
powered transport, which demands high-energy density
batteries. Therefore, the development of alternative high-
performance anodes for LIBs is crucially required.

In order to overcome the mentioned problem, transition
metal oxides (MO, M = Fe, Cu, Ni, Co, etc.) have been
explored as potential anode materials. Functioning
through a reversible electrochemical conversion between
metal nanoparticles and metal oxides, transition metal
oxides generally show a larger specific capacity than
graphite [4]. Among various transition metal oxides,
zinc oxide (ZnO) has been recognized as a more in-
triguing one due to its advantages, such as low cost,
facile preparation, and chemical stability, and, more im-
portantly, ZnO possesses a high theoretical capacity of
978 mAh g ' based on the following electrochemical
reaction of ZnO with Li-ions [5]:

ZnO + 2Li 2 Zn + Li,O (1)
Zn + Li2LiZn (2)
The overall reaction:

ZnO + 3Li2LiZn + Li,O (3)
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However, large volume changes of ZnO particles during
charge/discharge pose a serious challenge in its application
as a LIBs anode material when ZnO is transformed into Zn
upon a redox reaction (1) and the following alloying reaction
of formation of Li-Zn (2), the accompanying volume changes
could be up to ~228 %, which is much larger than that of
graphite (~10 %) [6, 7], leading to the material rupture and
consequent capacity fading. Therefore, a lot of efforts have
been devoted to overcome this problem and improve the elec-
trochemical performance of ZnO anode. It is well-recognized
that nanostructured materials not only effectively accommo-
date the large strains resulted from the volume expansion/
shrinkage but also provide short diffusion paths for Li-ions
[8], which allows for remarkable enhancement of electro-
chemical performance. Therefore, an effective nanostructural
design for ZnO is a promising approach to prepare a
high-performance anode, and, therefore, requires system-
atic comparative studies. Recently, numerous ZnO-based
nanostructures were designed and proposed, including
ZnO nanosheets, ZnO nanofibers, and ZnO nanoflowers,
and enhanced electrochemical performance of the material
was reported [8—10].

Nevertheless, to the best of our knowledge, a versatile and
scalable synthesis of dispersed ZnO nanoparticles as anode
material for LIBs is rarely reported. Herein, we present the
synthesis of novel highly dispersed ZnO nanoparticles via
sol-gel method, and investigation of its physical and electro-
chemical properties as an anode for LIBs.

Experimental

Sol-gel technique was used to prepare dispersed ZnO nano-
particles. All reagents were purchased from Tianjin Fuchen
Chemical Company and used without further purification.
ZnO sols were prepared using zinc acetate (Zn(CH;COO),,
>99 %); ethanol (C,HsOH, >99.7 %); and lithium hy-
droxide (LiOH, >90 %). In a typical experiment, 2.860 g
Zn(CH3COO), and 0.754 g LiOH was dissolved separately
each in 130-mL ethanol. Both samples were stirred for
30 min, and the LiOH solution was slowly added into the
Zn(CH3COOQ), solution. A white sol was formed, which was
stirred for 24 h. The white precipitate was separated via filtra-
tion, thoroughly washed with deionized water and ethanol,
and then vacuum dried overnight at 60 °C.

The crystalline phases of the sample were determined by x-
ray diffraction (XRD, SmartLab, Rigaku Corporation)
equipped with Cu Ko radiation. The thickness and morphol-
ogy of the sample was investigated using an atomic force
microscope (AFM, 5500 Agilent Technologies) in air. Its in-
terior structure was examined using transmission electron mi-
croscopy (TEM, JEM-2100F, JEOL) at 160 kV. The electro-
chemical performance of the sample was investigated using
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coin-type cells (CR2025). Lithium foil was used as both the
counter and the reference electrodes. Then, 1 mol dm > LiPFj
dissolved in a mixture of dimethyl carbonate/diethyl carbon-
ate/ethylene carbonate (1:1:1 by volume) was used as an elec-
trolyte, and microporous polypropylene film was used as a
separator. The ZnO electrode was prepared by mixing
70 wt% as-prepared ZnO nanoparticle powder, 10 wt%
polyvinylidene fluoride (PVDF) (Kynar, HSV900) as a binder
and 20 wt% acetylene black (MTI, 99.5 % purity) as a
conducting agent in 1-methyl-2-pyrrolidinone (NMP, Sigma-
Aldrich, >99.5 % purity). The resultant slurry was uniformly
spread onto nickel foam using a doctor blade and dried at
50 °C for 12 h. The resulting ZnO film was used to prepare
the electrodes by punching circular disks with 1 cm in
diameter. The active material loading in each electrode
was about 2 mg cm 2. The coin-type cells were assem-
bled in an Ar (99.9995 %) filled glove box (MBraun) and
tested galvanostatically on a multichannel battery tester (BTS-
5V5mA, Neware) in a cutoff potential window of 0.005-3.0 V
vs. Li"/Li electrode at different current densities. All electro-
chemical measurements were performed at room temperature.
Cyclic voltammetry (CV) was carried out on an electrochem-
ical workstation (CHI 660D, CH Instruments Inc.) at a scan
rate of 0.1 mV s ' in the potential range of 0-3.0 V vs. Li*/Li.
Electrochemical impedance spectroscopy (EIS) was measured
by using the CHI 660D electrochemical workstation within a
frequency range of 0.01-100 kHz.

Results and discussion

The XRD analysis was performed to investigate the crystal
phase of the as-prepared sample. Figure 1 shows the charac-
teristic XRD patterns of the as-prepared ZnO, which can be
assigned to the zincite (a = 0.3249 nm, ¢ = 0.5206 nm, JCPDS
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Fig. 1 XRD patterns of as-prepared ZnO sample
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card No. 36-1451) [11]. Pronounced peaks located at 31.8°,
34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 66.4°, 67.9°, 69.1°, 72.6°,
and 76.9° could be indexed as (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202) planes of
zincite [12], respectively. No impurities peaks were detected
in the XRD patterns, which confirm the formation of pure
ZnO. The average crystalline size of the highly dispersed
ZnO nanoparticles was calculated based on the main (101)
peak using the Debye-Scherrer formula. The average crystal-
line size was found to be around 6.7 nm.

The high-resolution transmission electronic microscopy
(HRTEM) images of ZnO nanoparticles are presented in Fig.
2a and show that highly dispersed discrete and nearly spheri-
cal nanoparticles of ZnO were successfully synthesized by the
present technique. The HRTEM data were used to determine
the average mean diameters of the prepared particles. Figure
2b shows that the as-prepared ZnO nanoparticles have narrow
particle size distribution with a geometric mean diameter of d,
» = 6.61 nm and a geometric standard deviation of o, = 1.20.
These dimensions are consistent with the data obtained above
using the Debye-Scherrer formula. As it can be seen at a
higher magnification in Fig. 2c, the material exhibits a fringe
lattice spacing of about 0.148 nm, which corresponds to the d
spacing of (103) plane of ZnO [13]. This observation agrees
with the XRD results as well. The crystallization of ZnO nano-
particles was further confirmed by HRTEM equipped with

Fig. 2 a HRTEM images of
as-prepared ZnO sample. b ZnO
nanopatrticles particle size
distribution. ¢ HRTEM image of
ZnO sample. d SAED patterns of
ZnO sample

selected area electronic diffraction (SAED). As shown in
Fig. 2d, all the diffraction rings in the SAED patterns of nano-
particles can be indexed as the ZnO phase (JCPDS card no.
36-1451) [14].

The sample was further characterized using AFM. The
AFM analysis results (Fig. 3) show that the sample surface
contains the ZnO clusters. These clusters have the diameters
of about 80 nm and a height of <8.5 nm. It is quite interesting
that the height of the cluster matches well with the average
size of the ZnO particles obtained from the TEM data. This
observation indicates that aggregation of the ZnO nanoparticle
occurs with formation of only monolayered clusters. This
seems to conflict with the TEM results, in which highly dis-
persed ZnO particles with average size of 6.6 nm were ob-
served. In fact, the sample was sonicated before the TEM
analysis, and this operation could cause destruction of the
agglomerates; this implies that the aggregation of the ZnO
nanoparticles could be mainly due to the physical attractive
interaction, and therefore can be very easily separated during
sonication treatment. Accordingly, aggregation of the elec-
trode material particles does not limit its potential application
as promising anode for LIBs, as it was confirmed in the fol-
lowing electrochemical studies.

The electrochemical properties of the nanostructured ZnO
anode were investigated by CV. Figure 4 presents the initial
CV curves of the electrode. In the cathodic part of the first
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Fig. 3 a Two profiles extracts

from two different regions in the

micrographs with corresponding
amplitude images of (b). ¢ Two-
dimensional AFM images of ZnO
nanoparticle. d Three-
dimensional AFM images of ZnO
nanoparticle
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cycle, the cell exhibits a prolonged tail and a low current peak,
which correspond to the formation of the solid electrolyte
interphase (SEI) layer [15—19]. The anodic scan of this cycle
is characterized by a peak around 1.5 V vs. Zn'/Zn, which is
attributed to a multi-step dealloying process of Li-Zn alloy [8,
20]. It can be seen that the cathodic sweeps for the following
cycles differ from the first one and have a well-defined peak at
around 0.5-0.6 V corresponded to the processes described
by Egs. (1) and (2). In the same time, the anodic peaks
of the second and third cycle are similar to that of the
first cycle, which indicates a highly reversible character
of the insertion/extraction reactions of the prepared ZnO
electrode [20].

The initial profiles of the galvanostatic charge/discharge
tests of the ZnO electrode are shown in Fig. 5. At the first
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Fig.4 Cyclic voltammograms of ZnO anode between 0.01 and 3.0 V vs.
Li'/Li at a scan rate of 0.1 mV s' at room temperature
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cycle, there exists a prolonged potential slope at 0.5-0.6 V,
which reflects the initial irreversible capacity loss, related to
the SEI layer formation [21], which was also observed from
the CV results earlier. It can be seen that the SEI formation
process is inherent to the first cycle only and disappears in the
following cycles, which exhibit relatively steady discharge
and charge (lithiation/delithiation) processes with a high cou-
lombic efficiency.

Figure 6 presents the cycling performance of the ZnO
electrode at 0.1 C (1 C = 978 mA g '). The highly
dispersed ZnO nanoparticles deliver a high initial dis-
charge capacity of about 1652 mAh g ' and maintain a
reversible capacity of 318 mAh g ' over 100 cycles
with a capacity loss of only 0.3 % per cycle after the
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Fig. 5 Discharge/charge profiles of a lithium cell with ZnO electrode
at0.1 C
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Fig. 6 Cycle performance of lithium cells with ZnO electrode at 0.1 C

first 10 cycles. In addition, this prolonged cycling is
accompanied with a high coulombic efficiency (above
90 %). This performance enhancement could be attrib-
uted to the effective accommodation of the mechanical
strain by the highly dispersed ZnO nanoparticles [8]. It
should be noted that the phenomenon of enhanced vol-
ume change accommodation by reduced particle size has
been reported for other electrode materials for LIBs and
attributed to more flexible volume change capability of
such systems [22-27].

The rate capability data of the ZnO electrode are presented
in Fig. 7. It can be seen, that at a lower current density of
0.5 C, the electrode delivers a reversible discharge capacity
of 550 mAh g' at the second cycle. There is a gradual
capacity reduction with an increase in the cycling rate.
At the higher current rate of 1 and 1.5 C, the reversible
capacities of 313 and 229 mAh g ' were sustained,
respectively. It is worth noting, that the electrode recovers
the most of its initial reversible capacity (329 mAh g~ ') when
the discharge rate was modulated back to 0.5 C, indicating the
high abuse tolerance of the electrodes containing highly
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Fig. 8 EIS impedance spectra of fresh and cycled ZnO electrode
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dispersed ZnO nanoparticles. This good rate performance is
believed to be due to the highly dispersed nanoparticle struc-
ture, which along with accommodation of the volume changes
upon cycling, provides short diffusion paths for lithium-ions,
and large effective interfaces between the electrode particles
and the electrolyte.

The EIS technique was used to analyze the imped-
ance development trends of the ZnO anode upon its
operation. Figure 8 presents typical Nyquist plots of a
lithium cell with a fresh ZnO anode and after its three
discharge/charge cycles: both plots consist of typical
suppressed semicircles attributed to the charge transfer
impedance, followed by a Warburg diffusion component
[28, 29]. It can be seen that the cell impedance reduces
upon cycling. This phenomenon could be due to forma-
tion of SEI on the electrode material surface providing
enhanced charge transfer between its particles. This leads to
an enhanced and stable electrochemical performance of the
ZnO anode prepared in this work.
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Fig. 7 Rate capability of lithium cells with the ZnO electrode
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Fig. 9 Schematics of potential application of ZnO nanoparticles for high-
performance electrodes preparation and further direction of the studies
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The results of the studies on the ZnO nanoparticles synthe-
sized in the present work provide insights on understanding of
optimized design of this material as anode for LIBs. For ex-
ample, introduction of highly dispersed ZnO nanoparticles
into a second-phase host matrix, such as carbon nanotubes,
graphene, and other carbonaceous frameworks, could enable
preparation of a high-performance anode for LIBs. This could
expand the materials practical applicability as anode for LIBs
as it is schematically illustrated in Fig. 9 and planned in our
future work on this material. Introduction of various host ma-
trices with enhanced conductivity, specific surface area, and
other features providing flexible conductive structures with
enhanced accommodation of volume changes can further im-
prove the electrochemical performance of the highly dispersed
ZnO nanoparticles. Therefore, the present work could be con-
sidered as an example of a new approach to prepare the high
performance ZnO based composites anodes for lithium-ion
batteries. Further systematic studies are planned on the ZnO
nanoparticle based composite anodes such as ZnO/CNT and
ZnO/graphene composites and related systematically.

Conclusions

Highly dispersed ZnO nanoparticles with the average particle
size of about 6.6 nm were successfully synthesized by a ver-
satile and scalable sol-gel method. The composite electrode
prepared using this material exhibited a very attractive
electrochemical performance as an anode for lithium-ion
batteries with the initial discharge capacity of 1652 mAh g~
and a capacity of 318 mAh g ' retained over 100 cycles.
Moreover, the electrode exhibited a good rate capability,
delivering a capacity of 229 mAh g ' even at 1.5 C.
These performance enhancements were attributed to an
excellent dispersion of nano-sized ZnO: these features
favor enhanced accommodation of the structure strains
caused by the volume changes upon cycling, and pro-
vide short diffusion paths for Li" ions transport. The
present work provides insights and new approaches for
an optimized design of a high-performance ZnO com-
posite anode for lithium-ion batteries, such as introduc-
tion of the highly dispersed ZnO nanoparticles into car-
bonaceous host frameworks to further improve their battery
performance.
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