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This  study  reported  the  electrochemical  performance  of  flower-like  ZnO–CoO–C  nanowall  arrays  as
anodes  of  lithium-ion  batteries.  The  arrays  were  fabricated  through  solution-immersion  steps  and  subse-
quent  calcination  at 400 ◦C.  At  a rate  of  0.5  C,  the  arrays  exhibited  a delithiation  capacity  of  438  mA  h g−1

at  the  50th  cycle.  The  arrays  still  delivered  a  reversible  capacity  of  224  mA  h  g−1 at  2.0  C rate,  much  higher
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than  those  of  the  flower-like  ZnO  and  ZnO–C  nanowall  arrays.  The  mechanism  for  the high  capacity  of
flower-like  ZnO–CoO–C  nanowall  arrays  mainly  resulted  from  the  catalytic  effect  of  Co  phase  on  the
decomposition  of  Li2O and  the  conducting  carbon  layer  formed  on ZnO  nanowalls.  The  present  finding
also  provides  a kind  of nanostructured  films  that might  be  applied  in  solar  cells  and  sensors,  etc.

© 2011 Elsevier B.V. All rights reserved.

echanism

. Introduction

Increasing demand for high-performance lithium-ion batter-
es (LIB) had driven people to explore novel electrode materials

ith high capacity and long life [1,2]. Although ZnO has a the-
retical capacity of 987 mA  h g−1 as a kind of anode material for
IB [3],  its practical application is hindered by low electronic
onductivity and large volume-variation of ZnO in the process
f lithiation and delithiation [4–7]. In the past years, fabricating
anoscale ZnO with different dimensions and morphologies was  a
idely employed strategy to reduce the volume change of ZnO [8].
mong them, nanostructured ZnO films grown directly on metal
ubstrates showed more desirable electrochemical properties com-
ared to those of powder-form counterparts [9–13], indicating
he significance of architecture (or morphology) for ZnO-based
nodes.

On the other hand, deposition of carbon [14,15],  metal phases
such as Ni [16], Mg  [17], etc.), TiO2 [18], or incorporation
f Ni3ZnC0.7 [19] greatly increased the reversible capacity and
ycleability of ZnO anodes due to the formation of conducting and
uffering matrix between ZnO particles. Besides the conducting
ffect like carbon, Ni and Ni3ZnC0.7 phases also play a catalytic
ole in the conversion reaction between Li and ZnO [16,19].  More

nterestingly, a combination of self-supported nanostructure, cat-
lytic and conductive effects of metal phases further improved the
lectrochemical performance of ZnO film-electrode. For example,

∗ Corresponding author. Tel.: +86 451 8641 3721; fax: +86 451 8641 8616.
E-mail address: panqm@hit.edu.cn (Q. Pan).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.114
flower-like ZnO–NiO–C films showed one of the highest reversible
capacity and best rate capability among the reported ZnO-based
anodes [20].

To further investigate the catalytic effect of metal phase on the
electrochemical performance of nanostructured ZnO films, here,
we fabricated flower-like ZnO–CoO–C nanowall arrays for lithium-
ion batteries. The arrays showed enhanced capacity compared to
those of the ZnO and ZnO–C counterparts and the mechanism for
the improved performance was discussed.

2. Experimental

The fabrication of flower-like ZnO–CoO–C nanowall arrays was  carried out as
follows (Scheme 1). At first, zinc films were coated on copper plates by cathodic
deposition in an aqueous solution containing ZnO (12 g L−1), NaOH (120 g L−1), and
additive 441 (4 mL  L−1). The electroplating was performed at current density of
10  mA  cm−2 at room temperature for 140 s. After electrodeposition, the copper
plates were washed with deionized water and dried in air. Then the Zn-coated cop-
per  plates were immersed in 80 mL of 0.13 M ammonia (NH3·H2O, 25%) at 80 ◦C for
4  h [13,20,21]. After being rinsing with water, the obtained ZnO nanowall arrays
were immersed into 0.1 M Co(Ac)2 aqueous solution for 0.5 h. After being washed
with distilled water and dried at 80 ◦C, the resulting films were heated at 400 ◦C for
0.5  h under argon atmosphere [20]. The fabrication of ZnO–C nanowall arrays was
conducted according to the procedure reported in reference [14].

The assembly and electrochemical measurements of coin cells were carried out
according to the procedures described in reference [13]. The mass of active materials

loading on an electrode was  determined to be 0.5–1.0 mg according to the procedure
reported in reference [13].

The morphologies of the nanowall arrays were observed with a Quanta 200 (FEI)
scanning electron microscopy (SEM). X-ray diffraction (XRD) analysis was  carried
out by using an XRD-6000 (Shimadzu). Thermogravimetric analysis (TGA) was per-
formed on powder-form ZnO–CoO–C scraped from the copper substrates through a
ZRY-2P thermal analyzer in an air flow at a heating rate of 10 ◦C min−1.

dx.doi.org/10.1016/j.jallcom.2011.06.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:panqm@hit.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.06.114
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Scheme 1. Illustration for the fabrication of flower-like ZnO–CoO–C nanowall arrays.

Fig. 1. SEM images of flower-like ZnO–CoO–C (a–c), ZnO (d) and ZnO–C (e) nanowall arrays.
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. Results and discussion

.1. Characterization of flower-like ZnO–CoO–C nanowall arrays

Fig. 1 shows the SEM images of the obtained ZnO, ZnO–C
nd ZnO–CoO–C nanowall arrays. Flower-like microspheres with

 diameter about 3–5 �m cover on the surfaces of ZnO-based films,
nd each flower-like microsphere is built from nanowalls of a few
ens nm in thickness. No difference in morphology is observed
etween ZnO and ZnO–C films (Fig. 1d and e). However, after treat-
ent with cobalt acetate and subsequent calcination, the surfaces

f nanowalls become rougher for ZnO–CoO–C arrays (Fig. 1b and
).

We also compared the surface morphology of the present
nO arrays with those of dandelion-like ZnO arrays prepared in
.18 M ammonia solution [13]. In contrast, no nanowall instead of
anorods grow on the arrays prepared in 0.18 M ammonia solution
Fig. 2), implying the importance of ammonia concentration on the
urface morphologies of the resulting ZnO films.

The chemical composition of the resulting ZnO–CoO–C films was
etermined by XRD, EDX, XPS and Raman measurements. All XRD
atterns of the arrays show feature peaks of ZnO phase (JCPDS

6-1451) [3],  except those from copper substrate (Fig. 3a). The
article sizes of ZnO are 19.7, 18.9 and 20.7 nm for ZnO, ZnO–C,
nd ZnO–CoO–C nanowall arrays, respectively. Although no peak
scribed to CoO or carbon is detected by XRD, EDX and XPS mea-
pounds 509 (2011) 9207– 9213 9209

surements confirm the presence of CoO and carbon phases for
ZnO–C and ZnO–CoO–C arrays. EDX plots (Fig. 3b and c) clearly
show the existence of cobalt and carbon on ZnO–CoO–C arrays
and carbon on ZnO–C arrays. Co 2p spectrum (Fig. 4a) displays the
Co 2p3/2 and Co 2p1/2 peaks at 780.1 and 796.6 eV, respectively,
which can be assigned to Co atom of CoO phase [22–24].  In addi-
tion, Raman spectra of ZnO–CoO–C shows the vibration modes of
ZnO at 334, 442, and 583 cm−1; CoO at 463, 503 and 644 cm−1, and
carbon at 1383 and 1608 cm−1 [20,25].

The carbon content in the arrays was estimated to be 4.7 wt.% for
ZnO–CoO–C and 6.9 wt.% for ZnO–C by thermogravimetric analysis
(Fig. 5a). TGA was  also carried out on CoO–C composite pre-
pared from cobalt acetate under the same calcination conditions
as ZnO–CoO–C films. It is observed in Fig. 5b that there is 32.8 wt.%
of carbon phase in the CoO–C composite, implying that the weight
proportion of CoO and carbon phases in the composite is about 2:1.
On the basis of TGA data, one can speculate that the weight pro-
portions of ZnO, CoO and carbon phases in flower-like ZnO–CoO–C
arrays approximates 85:10:5. The above results demonstrate the
fabrication of flower-like ZnO, ZnO–C and ZnO–CoO–C nanowall
arrays on copper foils through solution-immersion and subsequent
calcination processes.

3.2. Electrochemical performance of flower-like ZnO–CoO–C
nanowall arrays

Fig. 6a shows the voltage profiles of ZnO-based nanowall
arrays. Compared to ZnO and ZnO–C arrays, a small voltage
plateau appears near 1.15 V in the first lithiation process, which
might relate to the reduction of CoO into Co via the reaction
CoO + 2Li+ + 2e− → Co + Li2O [12]. While the plateau at about 0.93 V
is ascribed to the reduction of ZnO into Zn and the formation of
Li2O through the reaction ZnO + 2Li+ + 2e− → Zn + Li2O. ZnO, ZnO–C
and ZnO–CoO–C nanowall arrays exhibit the initial lithiation and
delithiation capacities of 973.5 and 476.5 mA  h g−1, 1161.6 and
625.4 mA  h g−1, 1331 and 876.7 mA  h g−1, with an initial coulom-
bic efficiency of 48.9, 53.8 and 65.9%, respectively. After discharging
and charging for 50 cycles, ZnO–CoO–C arrays still deliver a delithi-
ation capacity of 438 mA h g−1; whereas the capacities of ZnO–C
and ZnO arrays are 315.7 and 237.7 mA h g−1, respectively (Fig. 6b).

ZnO–CoO–C films also show desirable high rate capability
(Fig. 7), delithiation capacities of 280 and 224 mA  h g−1 are retained
at 1.0 and 2.0 C rates, corresponding to 64.2% and 51.7% of the capac-
ity at 0.5 C, respectively. In contrast, ZnO and ZnO–C arrays only
show a reversible capacity of 215.8 and 188.6 mA  h g−1 at 1.0 C, and
157.2 and 127.6 mA h g−1 at 2.0 C, respectively. It is evident that
ZnO–CoO–C arrays still deliver higher reversible capacity than ZnO
and ZnO–C counterparts at 1.0 and 2.0 C. The high rate capability of
ZnO–CoO–C films is believed to arise from the advantages of flower-
like nanowall arrays, such as large electrode/electrolyte contact
area, short diffusion path for ions and electrons, direct contact
between current-collector and electroactive materials, etc. We  also
compared the present results with those of the reported ZnO-based
anodes [3,7–10,13–20]. By comparison, flower-like ZnO–CoO–C
nanowall arrays exhibit one of the most desirable capacities and
cycling characteristics.

3.3. Mechanism for capacity improvement

To understand the mechanism for the high capacity of
ZnO–CoO–C anodes, cyclic voltammetry was conducted on
flower-like ZnO, ZnO–C and ZnO–CoO–C nanowall arrays at a scan

rate of 0.3 mV  s−1, respectively. Compared to ZnO and ZnO–C arrays,
two peaks at about 1.1 and 0.88 V are observed for ZnO–CoO–C
arrays in the first cathodic scan. The potentials of these peaks are
consistent with those of the voltage plateaus on the initial delithia-
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Fig. 3. XRD patterns (a) of ZnO-based nanowall arrays; EDX plots of ZnO–C (b), ZnO–CoO–C (c) and ZnO (d) nanowall arrays.
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Fig. 4. Co 2p (a) and Raman spectra (b) of ZnO–CoO–C nanowall arrays.

Table 1
Current densities of the anodic peaks at 0.70 and 1.5 V and the capacity distributions associated with these peaks in the first delithiation process.

ZnO-based nanowall arrays Intensity of anodic peaks at 0.70
and 1.5 V in the first scan (mA)

Ib/Ia Initial delithiation capacity at
0–1.0 and 1.0–2.0 V (mA  h g−1)

C2/C1

Ia (0.70 V) Ib (1.5 V) C1 (0–1.0 V) C2 (1.0–2.0 V)

ZnO 0.27 0.26 0.96 193.1 212.8 1.10

t
d
d
H

ZnO–C  0.18 0.33 

ZnO–CoO–C 0.28 0.66 
ion profile of ZnO–CoO–C. As shown in Fig. 8, there is no noticeable
ifference in the anodic peaks at ∼0.70 V that are ascribed to the
e-alloying process of Li–Zn alloy among these ZnO-based arrays.
owever, the intensities of the peaks at ∼1.5 V increase in order of
1.83 236 264 1.12
2.35 254.5 442.3 1.74
ZnO, ZnO–C, and ZnO–CoO–C. Similar results were also observed for
Ni coated ZnO [16], Ni3ZnC0.7 incorporated ZnO [19], and flower-
like ZnO–NiO–C films [20]. Although the electrical contact between
ZnO particles might explain for this intensity increase, electro-
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hemical impedance spectroscopy shows that there is no great
ifference in the resistance between ZnO–C and ZnO–CoO–C arrays
Fig. 8d). Because the anodic peaks at 0.70 and 1.5 V relate to dif-
erent electrochemical processes, we expect that a quantitatively
nalysis on these peaks might help to understand the mechanism
or the capacity improvement of flower-like ZnO–CoO–C nanowall
rrays. Here, the current intensity of the anodic peaks at 0.70 and
.5 V, and the capacity distributions associated with these peaks

n the first delithiation process were summarized in Table 1. As
eem in Table 1, the intensity of peak at 0.70 V (Ia) exhibits little
hange, while that of the peak at 1.5 V (Ib) increases from 0.26 to
.33 and 0.66 for ZnO, ZnO–C, and ZnO–CoO–C, respectively. As a
esult, ZnO–CoO–C nanowall arrays display the highest Ib/Ia ratio
2.35) compared to ZnO (0.96) and ZnO–C (1.83) counterparts. More
nterestingly, the capacity C1 at 0.70 V displays slightly increase in
rder of ZnO, ZnO–C and ZnO–CoO-–C arrays; while the capacity
2 at 1.5 V increases remarkably for ZnO–CoO–C arrays compared
o those of ZnO and ZnO–C arrays. Consequently, the capacity
atio of C2/C1 enhances in order of ZnO (1.10), ZnO–C (1.12) and
nO–CoO–C (1.74). Reasonably, the enhanced capacity at 0.70 and
.5 V for ZnO–C nanowall arrays can be ascribed to the conducting
ffect of carbon phase. Considering that the capacity ratio C2/C1 of

nO–C arrays is similar to that of ZnO arrays, one can conclude that
he carbon phase contributes equally to the capacities at 0.70 and
.5 V, respectively. Compared to ZnO–C, however, the capacity at
.5 V enhances from 264 to 442.3 mA  h g−1 for ZnO–CoO–C arrays,
Cyc le nu mber / n

Fig. 7. Rate capability of flower-like ZnO, ZnO–C and ZnO–CoO–C nanowall arrays.

and capacity ratio C2/C1 increases from 1.12 to 1.74, suggesting the

great influence of CoO phase on the capacity at 1.5 V.

To explore the contribution of CoO–C phases to the capacity
of ZnO–CoO–C arrays, control experiments were carried out on
CoO–C composite prepared from cobalt acetate under the same
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lectrochemical measurements (Fig. 9). TGA curve shows that the
ontent of carbon and CoO in the composite is about 32.8 and
7.2 wt.% (Fig. 5b). And CV results display that the main elec-
roactive materials in the composite is carbon and CoO (Fig. 9a).
owever, the initial delithiation capacity of CoO–C composite is
nly 381 mA  h g−1 and the capacity decreases to 211 mA h g−1 at
he 30th cycle (Fig. 9b and c). Considering that the content of
oO and carbon phases in ZnO–CoO–C is less than 20 wt.%, these
esults imply that a simple combination of ZnO and CoO–C com-
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38 mA  h g−1 at the 50th) under our experimental conditions. In
ther words, CoO and C phases contribute little capacity to the
ower-like ZnO–CoO–C arrays.

Above results indicate that other reason is responsible for the
igh capacity at 1.5 V. Generally, the electrochemical process at
1.5 V is mainly ascribed to the decomposition of Li2O via reaction
n + Li2O → 2Li+ + ZnO + 2e− [14,16,20],  and the factor that facil-
tates Li2O decomposition will improve the reversible capacity
f ZnO anodes. Recent studies showed that deposition of metal
anoparticles such as Ni and Au could improve the capacity of ZnO
nd Co3O4 anodes due to the catalytic effects of the metal phases on
i2O decomposition [16,26].  In the present case, it is believed that
o phase forms via the reaction CoO + 2Li+ + 2e− → Co + Li2O in the

nitial lithiation process [12,27–29],  which might acts as a catalyst
or Li2O decomposition and partly increase the reversible capac-
ty of ZnO–CoO–C nanowall arrays (as evidenced by the enhanced
ntensity of the anodic peak at 1.5 V). Therefore, although the capac-
ty associated with CoO–C phases is limited, we can not ignore the
o phase produced in the first lithiation process and its contribution
o the capacity of ZnO–CoO–C arrays.

. Conclusions

In summary, flower-like ZnO–CoO–C nanowall arrays as anodes
f lithium-ion batteries were fabricated through simple solution-
mmersion steps and subsequent heat treatment at moderate
emperature, and they exhibited high reversible capacity of
37 mA  h g−1 and rate capability of 224 mA  h g−1 at 2.0 C. It was
evealed that the surface morphology and chemical composi-

ion of the ZnO-based arrays had an important impact on their
ithium storage capacity. The mechanism for the high capac-
ty of ZnO–CoO–C nanowall arrays was believed to arise from
he catalytic effect of Co phase on the decomposition of Li2O

[

[
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and the conducting carbon layer formed on ZnO nanowalls. The
results of this study suggest a strategy for improving the elec-
trochemical properties of transition metal oxides in lithium-ion
batteries based on the morphology and composition manipula-
tion.
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