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The ZnO/graphene nanocomposite was synthesized by high energy ball milling and evaluated as an anodematerial
for lithium-ion batteries. EDX elementalmapping indicated that graphenewas dispersed homogeneously in the ZnO
matrix. The nanocomposite exhibits an initial reversible capacity of 783 mAh/g and maintained a capacity of
610 mAh/g after 500 cycles at 100 mA/g. Moreover, it shows excellent rate capability and cycling stability even at
10,000 mA/g, which can be attributed to the unique structure and the synergistic effect between the nanosized
ZnO and graphene.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) are the dominant power source for awide
range of electrical and electronic devices, including consumer electronic
devices and the automotive applications, such as the hybrid-electric
vehicles and plug-in hybrid-electric vehicles [1–5]. As the most
commonly used anode material in LIBs, graphite has approached its us-
able capacity limit due to constraints by the theoretical specific capacity,
i.e. 372 mAh/g. In this regard, ZnO has been investigated as an alternative
anodematerial due to a high theoretical capacity of 978 mAh/g. However,
severe capacity fading upon cycling was exhibited even at a low current
density, caused by its intrinsic low conductivity and large volume change
during the charge–discharge process [6–8]. In this regard, hybridize ZnO
with carbonaceous materials, such as graphite [6] and carbon nanotubes
[9] has been considered as an effective way to enhance electrochemical
performance. In recent years, graphene has been extensively
investigated for energy storage due to its unique chemical and physical
properties [10,11].

Herein, we synthesized ZnO/graphene nanocomposite through
high-energy ball-milling (HEBM)method and it shows enhanced electro-
chemical performance as an anode material for lithium-ion batteries.
1 5182766025.
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2. Experimental

ZnO nanoparticles were created by a top-down wet-chemistry
synthesis process [12] and the detailed preparation procedure for
the graphene can be found in our previous report [13]. With a
powder-to-ball mass ratio of 80:1, 1.2 g of ZnO powders and 150 mg
graphene, ZrO2 grinding balls (Φ = 2 mm) were introduced into a vial
(45 mL in volume) mounted on a high-energy planetary micro mill
pulverisette 7 (Fritsch GmbH. Inc., Germany). The ball-milling treat-
ments were performed with a rotatory speed of 500 rpm at room
temperature under air atmosphere for 20 h. To avoid the increase in
temperature during milling process, the milling treatment was
interrupted every 2 h and rested for 1 h.

Themorphologies andmicrostructures of the products were charac-
terized by field emission scanning electron microscopy (FESEM, Zeiss
1540 EsB), X-ray diffraction (XRD; PANanalytical) with Cu Kα radiation
(λ = 1.54 Å) and transmission electron microscopy (TEM, JEOL 2011)
operated at 200 keV.

CR2025 coin cells were fabricated in a glove box (MBraun, LabStar)
for electrochemical measurements. The nanocomposite was mixed
with carbon black (Super-P) and a polyvinyl difluoride (PVDF) binder
at the weight ratio of 75:10:15 in methyl-2-pyrrolidinone (NMP)
solvent. The resultant slurry was then pasted on copper foil and dried
at 120 °C for 12 h under vacuum. Lithium foil was used as both counter
and reference electrodes and the electrolyte was 1 M LiPF6 in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume). A Celgard
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2340 membrane was used as the separator. Galvanostatic charge/
discharge cycles were tested using an ARBIN BT 2010 battery ana-
lyzer between 2.5 and 0.01 V versus Li/Li+ at room temperature.
Cyclic voltammogram (CV; 0.01–2.5 V, 0.5 mV s−1) tests were
conducted on an electrochemical workstation (Ametek, Princeton
Applied Research, Versa STAT 4).

3. Results and discussion

FESEM images of the pristine ZnO and ZnO/graphene nanocomposite
are shown in Fig. 1a and b, respectively. The sizes of the pristine ZnO
range from tens of nm to 150 nm. Fig. 1b shows the nanocomposite
mainly composed of two components: (i) spindle-like ZnO with an
average width of about 25–35 nm and a length up to 100 nm, which
are the fragments of large ZnO nanoparticles, and (ii) tiny ZnO
nanoparticles with size less than 20 nm are widely distributed among
the nanocomposite. Agglomeration could be caused by the increased
surface energy when the particle size is decreasing.

The XRD patterns of pristine ZnO and nanocomposite are presented
in Fig. 1c. All the diffraction peaks can be well-indexed to hexagonal
ZnO (JCPDS No. 86-1451) without any impurities, indicating that no
chemical reaction had taken place during the ball milling process.
Furthermore, broadening of the diffraction peaks is observed, confirming
Fig. 1. SEM images of (a) pristine ZnO, and (b) ZnO/graphene nanocomposite. (c) XRD patterns o
nanocomposite.
that the average ZnO particle size is significantly reduced. The average
ZnO crystallite sizes are 80 and 15 nm before and after ball milling,
respectively, as determined using the Scherrer formula. The elemental
mapping images (Fig. 1d–f) clearly reveal that the ZnO was homoge-
neously dispersed in the graphene matrix.

The nanocompositewas further analyzed by TEMand high resolution
(HR) TEM. Large amounts of graphene confined ZnO nanocrystallites
(~2–5 nm) could be observed in Fig. 2a. The original graphene was
crushed into much smaller pieces, which agglomerated with nanosized
ZnO to reduce the high surface energy. In Fig. 2a, the stack of graphene
is clearly visible (cf. black arrows). In the ball milling process, lots of
dangling bonds and open edges could be generated with high chemical
reaction activity [14], establishing the nanocomposite as a good candi-
date in energy storage or for electrochemical applications. Fig. 2b
shows a HRTEM image of the nanocomposite, from which the (002)
lattices of ZnO nanocrystallite can be clearly identified from the
interplanar distance of 0.26 nm. HRTEM (Fig. 2c) shows that the tip of
the spindle-like ZnO forms lamellar microstructure. High density of
dislocations caused by applied stress could be observed (Fig. 2d),
which can be the result of HEBM by ZrO2 balls.

The electrochemical performance of the nanocomposite is shown in
Fig. 3. The first five charge–discharge curves of the nanocomposite elec-
trode are shown in Fig. 3a. The first discharge capacity is 1350 mAh/g,
f pristine ZnO and nanocomposite. EDX elemental mapping of (d) C, (e) Zn and (f) O of the



Fig. 2. (a) Low magnification TEM image of ZnO/graphene nanocomposite. (b) HRTEM image of ZnO/graphene nanocomposite. (c, d) HRTEM images of ZnO. The arrows in (d) indicate the
dislocations.
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muchhigher than the theoretical value of 978 mAh/g. The excess capacity
could originate from electrolyte decomposition in the low-potential
region, formation of solid electrolyte interface (SEI) layer and perhaps
abundant surface defects as well as the good dispersity of the ZnO
nanocrystallites, which would enhance the surface electrochemical
reactivity and improve Li ion storage capacity [15,16].

Fig. 3b shows the CV curves of the nanocomposite electrode. In the
first cycle, two cathodic peaks are observed at about 0.50 and 0.05 V.
The strong reduction peak at 0.05 V is due to the insertion of Li into
graphene, suggesting that the graphene is electroactive for lithium
storage. The broad peak at about 0.5 V in the first cathodic curve is
related to a combination of several electrochemical reactions with
close potentials, such as the reduction of ZnO to Zn, the alloying
reaction between Li and Zn, and the formation of the solid electrolyte
interface (SEI) layer [7,17]. The peaks located at about 0.7 and 1.4 V
can be ascribed to the multi-step de-alloying process of Li–Zn alloy.
In the second cycle, the cathodic peak shifts from 0.5 V to a higher
potential of 0.74 V while the anodic peaks coincide with those in
the first scan. After the third scan, the reduction and oxidation peaks,
associated with the Li-alloying/de-alloying processes, almost coincide
with each other, suggesting a good electrochemical reversibility.

Fig. 3c shows long-term cycling performance and the correspond-
ing coulombic efficiency of the nanocomposite at 100 mA/g. The
nanocomposite delivers an initial reversible capacity of 783 mAh/g
and maintains a capacity of 610 mAh/g after 500 cycles. The stable
reversible capacity as well as the high coulombic efficiency indicates
the integrity of the nanocomposite electrode. More importantly, the
nanocomposite electrode exhibits a significantly improved cycling
performance than bare ZnO and graphene after ball milling (Fig. 3c),
denoting strong synergism [18]. Also, the HEBMmethod has great advan-
tage over hand-grinding, demonstrating significant improvement in the
electrochemical performance. For comparative purposes, electrode pre-
pared with 50 mg graphene exhibits much worse performance (Fig. 3c)
than that with 150 mg. With appropriate amount of graphene, the
volume change of ZnO upon lithium uptake and removal could be mini-
mized more efficiently by the mechanical buffering of the graphene. In
the meantime, the intimate contact of ZnO with graphene ensures that
the electrical contact throughout the whole nanocomposite during
cycling, electrical continuity and structural integrity can be maintained.

Another electrochemical characteristic associated with nanocompos-
ite is the excellent rate capability. The nanocomposite electrode exhibits
excellent rate capability at various rates between 100 and 10,000 mA/g
(Fig. 3d). Moreover, after being cycled at high rates, the capacity can be
well recovered once the current density is shifted to the original low
value, indicating the excellent reversibility of nanocomposite electrode.
The superior electrochemical performance of the nanocomposite, with
highly reversible capacity, stable cycling behavior and excellent rate capa-
bility could be attributed to the buffering, confining, conducting and
synergistic effects of the incorporated graphene.

4. Conclusion

In summary, ZnO/graphene nanocomposite was obtained via HEBM
method and further used as an advanced anodematerial for high perfor-
mance LIBs. The nanocomposite exhibits high specific capacity, excellent
cyclability and high rate capability. The excellent electrochemical prop-
erties can be attributed to the synergistic effect between the ZnO
nanocrystallites and graphene. Our results suggest a newway to improve
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Fig. 3. (a) Charge–discharge curves of ZnO/graphene nanocomposite at 100 mA/g. (b) CV curves of the nanocomposite at 0.5 mV/s. (c) Comparison of the cycling perfor-
mance of (i) ZnO/graphene nanocomposite, (ii) bare ZnO, (iii) bare graphene, (iv) ZnO/graphene nanocomposite with 50 mg graphene and (v) hand-grinding at 100 mA/g,
respectively. (d) Rate capability of the nanocomposite at various current rates.
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the electrochemical properties of ZnO-based anode material for high
performance LIBs.
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