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Fossil fuels have been the primary energy source in the past
thousands of years. However, the nonrenewable feature and
air pollutants produced by fossil fuel combustion make fossil
fuels unfavorable for long-term usage, under the background
of global population booming. In order to relieve this issue,
it is urgent to develop renewable energy storage/conversion
devices with both high energy and power delivering perfor-
mances. A variety of energy storage/conversion devices have
been developed such as lithium ion batteries and superca-
pacitors. Lithium ion batteries usually deliver higher energy
density around 200Wh/kg because of the bulk intercalation
of a large amount of lithium ions. However, resulting from
the sluggish bulk faradaic reactions, a high degree of bulk
intercalation of lithium ions should be guaranteed by the
lower charging and discharging rate. This fact leads to the
inferior power delivering ability of lithium ion batteries
with typical power density on the level below 1 kW/kg. To
supplement the drawbacks of power delivering in lithium ion
batteries, supercapacitors have been therefore put forward
to aim at high rate charging and discharging. Due to the
fast interface charge storage mechanism, supercapacitors can
provide power density on the level of tens of kW/kg, much
higher than that in lithium ion batteries. Unfortunately, the
fast interfacial charge storage mechanism in supercapacitors
is contradictory to sluggish bulk charging mechanism which
results in lower energy density for supercapacitors and several
Wh/kg are usually seen.

In the scenario of both intrinsic problems existent in
lithium ion batteries and supercapacitors, a balance between
energy and power should be required so that energy density

is boosted and at the same time decent power density is also
kept. A key method to resolve this long-standing problem
should reside in developing novel nanostructured electrodes
for these electrochemical energy storage devices. High con-
ductivity, fast ions intercalation channel, highly electrolyte
ions accessible surface, rich faradaic reactions sites, and
stable long duration charging/discharging performance are
indispensable to high efficient lithium ion batteries or super-
capacitors. And these are also the common goals formaterials
scientists when developing state-of-the-art electrodes. Based
on these goals, this special issue includes reports selected by
the guest editors team which are focused on the advanced
nanomaterials synthesis or/and the application of nanostruc-
tured electrodes in energy storage/conversion devices such
as lithium ion batteries and supercapacitors. We hope the
work summarized in the issue can provide some new ideas for
our science community and inspire our colleagues studying
functional materials for energy storage/conversion.
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Bioleaching has lots of advantages compared with traditional heap leaching. In industry, bioleaching of uranium is still facingmany
problems such as site space, high cost of production, and limited industrial facilities. In this paper, a continued column bioleaching
system has been established for leaching a certain uranium ore which contains high fluoride.The analysis of chemical composition
of ore shows that the grade of uranium is 0.208%, which is lower than that of other deposits. However, the fluoride content (1.8%
of weight) is greater than that of other deposits. This can be toxic for bacteria growth in bioleaching progress. In our continued
multicolumns bioleaching experiment, the uranium recovery (89.5%) of 4th column is greater than those of other columns in 120
days, as well as the acid consumption (33.6 g/kg). These results indicate that continued multicolumns bioleaching technology is
suitable for leaching this type of ore. The uranium concentration of PLS can be effectively improved, where uranium recovery can
be enhanced by the iron exchange system. Furthermore, this continued multicolumns bioleaching system can effectively utilize the
remaining acid of PLS, which can reduce the sulfuric acid consumption. The cost of production of uranium can be reduced and
this benefits the environment too.

1. Introduction

Biological metallurgy technology does not have a long his-
tory in leaching minerals. Bioleaching is one of the most
active technologies [1]. For introduction of bacterial leaching
process at uranium leaching can enhance the kinetics of
leaching and strengthen its process, bioleaching has been
paid great attention in uranium industry in recent years. By
this technology, the leaching time can be shortened and the
recovery of minerals can be improved and the production
costs can be reduced. This technology has been used in the
production [2, 3] or is still in the laboratory research stage [4].
Leaching in columns simulates percolation leaching because
the conditions are very similar to those in the heap [5].

In China, bioleaching has been greatly improved in
uranium industry. However, we still face some keys which
greatly impact this technology’s application, such as the
bacteria adapting to the leaching environment, the tolerance
of toxic elements in leaching solution, not well understand-
ing the mechanism and the biochemical kinetics, and the
leaching process needing to be optimized [6]. In China,

hard-rock-type uranium (such as granite-type) deposits are
using heap leaching widely in industry. In this paper, one
of the biggest granite uranium deposits located in south
China with high fluoride mineral is selected for study. In
this deposit’s industrial producing practice, acid is often used
as irrigating solution. However, the uranium concentration
of pregnant leaching solution (PLS) is low. This affects
the adsorption efficiency. Another problem is that the acid
consumption (about 55 g/kg) is still too high and the recovery
is low which lead to the high product cost.The company who
owns this deposit needs a new technology to solve this prob-
lem. So we try to use continued multicolumns bioleaching in
uranium to model multiheaps bioleaching as to improve the
production efficiency and reduce the production cost.

2. Materials and Methods

2.1. Materials. A solid sample of uranium ore from the
normal production of ore in this deposit plant was used.
This type of uranium ore is mainly distributed in Taoshan
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Figure 1: Back-scattered electron image by EPMA before leaching. ((a), (b), and (c)) Uraniumminerals accompanied by pyrite. (b) Uranium
minerals are located in the tiny fractures of quartz. (c) Uranium minerals are located in the tiny fractures of illite. ((a) and (b)) Images from
Zhihua Wang and Baoqin Hu (2013) and (c) Xinbo Zhao (2014).

Table 1: Chemical andmineralogical composition of the ore sample
used in column bioleaching.

Composition Weight% Mineralogical
composition

SiO
2

78.46

Quartz
Potash feldspar

Fluorite
Calcite

Al
2
O
3

7.14
Fe
2
O
3

1.34
K
2
O 2.71

Na
2
O 0.25

FeO 0.7
MgO 0.5
P
2
O
5

0.021
TiO
2

0.03
CaO 4.2
U 0.208
BaO 0.01
S 0.16
F 1.8
CO
2

1.2
S−1−2 0.1

Zhuguangshan mineralization belt. It has a relationship with
the granite of Yanshan period in space and genesis. Uranium
mineralizations are product in low level structure of tectonic
fault, which mainly contain pitchblende, coffinite, fluorite
silicate uranium, lead, and zinc.

Table 1 shows the chemical and mineralogical compo-
sition of the sample. Elemental analysis of the sample by a
wet chemical method involving hydrofluoric acid digestion
and measurement by atomic absorption spectrophotometry
(AAS; Perkin Elmer, Model 3100) indicated that the major
constituent of the sample was SiO

2,
weight of more than

78%, and the second is Al
2
O
3
, weight of 7%, and a small

amount of FeO, S, Na
2
O, P
2
O
5
, MgO, TiO

2
, BaO, and so

forth. Fluoride element analysis of the sample by potassium
hydroxide digestion and measurement by fluoride electrode
indicated that fluoride weight is high (1.8%). This indicates
these ores contain lots of fluoride mineral. It can have certain
influence on the growth ofmicroorganisms.The sulfurweight
is 0.16% and the uraniumweight is 0.208%.This uranium ore

belongs to a low grade type. The sample was also analyzed
by X-ray diffraction (XRD) using a Panalytical X’Pert PRO
MPD with CuK𝛼 radiation (40 kV, 50mA), equipped with
automatic divergence slit, sample spinner, and a graphite
secondary monochromatic and proportional detector [7].
XRD analysis indicated that silica (SiO

2
), potash feldspar

(K(AlSi
3
O
8
)), fluorite (CaF

2
), and calcite (CaCO

3
) were the

dominant phases present.
Back-scattered electron image shows that the uranium

minerals are located in the tiny fractures of the ore and they
are accompanied by pyrite as shown in Figure 1.This indicates
that once pyrite is leached; the surface area of those uraninite
and coffinite minerals will be greatly increased. Those tiny
fractures around uranium minerals will be enlarged as well.
Furthermore, when the pyrite is dissolved or, more precisely,
is oxidized, ferric iron is produced which can offer good
oxidizing for those reduced-type uranium minerals. Iron
oxidizing bacteria are a good worker who can do this job.

In our study, a strain ofmesospheric iron oxidizing bacte-
ria (Acidithiobacillus ferrooxidans mixed with Leptospirillum
ferriphilum, named B3mYP1Q) provided by our university
was used throughout the investigations. It was domesticated
by PLS with high fluorine concentration (3 to 4 g/L of total
F). Acidithiobacillus ferrooxidans is Gram-negative bacteria
[8], characterized by nonsporulating rods, 0.5–0.6 𝜇m wide
and 1.0–2.0 𝜇m long with rounded ends, and occurring singly
or in pairs or rarely in short chains. The bacteria are also
known to bemotile bymeans of a single polar flagellum.All of
these characteristics were observed during the isolation of the
strain used.The compositions of the nutrient growthmedium
are from PLS at this deposit.

2.2. Experimental Bioleaching. Leaching system consists of
serial organic glass columns with a diameter of 150mm and
a height of 2m. In the bottom of each column gravel and
pebbles were cushioned at 10 cm height. The ratio of the
internal diameter of the column to the height of ore is impor-
tant for the leaching solution percolates more efficiently. It
has been established that this ratio must be greater than 4
and not in excess of 20 in order to avoid any effects of the
wall [9, 10]. As a consequence, a ratio of 10 was adopted in
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Figure 2: Schematic of continued multicolumn bioleaching system.

these experiments. In each column, the ore is built up 150 cm
high and on top there are loading cobble and gravel 10 cm
high. Plastic film was covered on the top of both leaching
column and liquid collecting tank to reduce evaporation.The
irrigation is powered by a peristaltic pump. The speed of
pump is changed in the test to control the time and intensity.
Test process is 120 d for the uranium leaching cycle, consisting
of four columns as shown in Figure 2. The test process and
the specific implementation process are as follows: 4 columns
are, respectively, set, first column (acid leaching stage and
domestication stage), second column (bioleaching stage),
third column (bioleaching stage), and the last column (final
leaching stage). Each column acidification stage is 30 d, and
domestication stage is 30 d, and bioleaching stage is 30 days
and final leaching stage is 30 days. Afer 120 d of leaching,
the last column was unloaded out of this system and a new
columnwas added in. Before irrigation of the former column,
the pH of PLS should be adjusted to 1.8. For comparison,
a single column test is conducted at the same time. Sample

volumes of liquid were extracted periodically and the pH and
redox potential (Eh) were measured. The U

3
O
8
, FeTotal, and

Fe2+ content were also analyzed.

3. Results and Discussion

3.1. Acid Consumption during Bioleaching. There exist con-
sumptive acid minerals such as calcite (chemical analysis of
the weight of CO

2
1.2%, of calcite about 2.7%) in this ore.

Thus, during bioleaching, the pH of irrigating solution in the
column will be increased. When the pH value of irrigating
solution reaches over 2.5, the ferric iron will be precipitated
as goethite. As shown in Figure 3, the pH values of PLS
in the first 5 leaching days decrease very fast but are still
greater than 4. In the next five days, pH values decrease
slowly compared with the former 5 days and reach around
2.0 at the 10th day. This indicates that during this stage most
easily consumptive acid minerals such as calcite of this ore
are almost reacted by acid in the large fractures. However,
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Control column
1st column
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10 20 30 400
(Days)

1.0
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8.0

pH

Acidification 
stage

Bioleaching
stage

Figure 3: pH value of the PLS in the first 40 days.

some consumptive acid minerals in small fractures will be
reacted more slowly. On the other hand, the mesospheric
iron oxidizing bacteria of Acidithiobacillus ferrooxidans and
Leptospirillum ferriphilum which are used in this experiment
are more active in pH of 1.5 to 2 than in other pH values.
Therefore, the pH of irrigating solution cannot be lower
than 1.5 or higher than 2. When pH is lower than 1.5, the
precipitation of some jarosite-type basic compounds will be
found in the column [11]. These type of precipitations are
difficult to be dissolved by strong acid and that will decrease
the permeability of the column [12]. The uranium minerals
will be wrapped up by them. As a consequence, they hinder
the irrigating solution to react with the uranium minerals
and the uranium recovery is decreased. In acidification stage,
therefore, the acid concentration should be decreased as well.
In our experiment, the concentration of acid of irrigating
solution is reduced from 40 g/L to 5 g/L in 10 days for those
easier reactant consumptive acid minerals in small fractures
and from 5 g/L to 3 g/L in the next around 20 days for those
slow reactants in small fractures. Under these circumstances,
the precipitation of both goethite and jarosite-type basic
compounds will not occur in the next bioleaching stage and
the bacteriumwill grow in the column as bacteria are adapted
to this pH and the culture from the irrigating solution (PLS
of pH adjustment).

After 120 days’ leaching, the total acid consumption for
each column is 45.73, 43.74, 42.38, 40.23, and 33.6 g/kg,
respectively, in this type of system as shown in Figure 4. In
the first 10 days of acidification stage, acid consumption curve
increases fast linearly and is up to around 30 g/kg. In the next
20 days, acid consumption increases still fast but it is lower
than that in the first 10 days. And then in the next bioleaching
stage, acid consumption still increase slowly because some
acid needs to be added in the bacteria domestication pond
for pH adjustment and there are still some consumptive acid
minerals in tiny fracture which are not reacted by acid in
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Figure 4: The acid consumption with the column’s order.

the former stage. The total acid consumption of 1st column
is highest and that of the last column is lowest. This result
shows that the acid consumption is in good accordance with
the column’s order and this system can help to save acid
consumption. Moreover, the acid consumption of the 1st
column and that of the 2nd column are very similar. Because
the first column is the initial column in this type of system
and the acid amount of PLS from the 1st column is small, the
irrigating solution of 2nd column needs to add more acid for
pH adjustment using PLS from the 1st column. The acid of
the 3rd and 4th column, however, can accumulate acid from
the former columns. It is found that the acid consumption of
the later columns will be lower than that of the former ones.

3.2. Redox Potentials (Eh) of Irrigating Solution and PLS.
During this experiment, both redox potentials of irrigating
solution and PLS are measured in each day. Redox potentials
of from 1st column to 4th column are presented in Figures
5(a), 5(b), 5(c), and 5(d). During the acidification process of
leaching of uranium, the redox potentials of leaching solution
are low and varied between 350mVand400mV (versus SCE).
In this type of ore, many minerals such as pyrite and urinate
belong to reduced substances. In the leaching progress, they
can be oxidized by ferric iron or O

2
of the solution [13]. In

the process of acidification, reducing substances in ore are
leached into the PLS and decrease Eh of PLS:

2FeS
2
+ 7O
2
+ 2H
2
O air
→ 2FeSO

4
+ 2H
2
SO
4

FeS
2
+ 14Fe3+ + 8H

2
O → 16H+ + 2SO2−

4
+ 15Fe2+

(1)

As shown in Figure 5, in each column in the bioleaching
process, redox potentials increased obviously compared with
the former acid leaching period, and they reach 500mv (SCE)
rapidly. After bioleaching period, redox potentials of PLS
are significantly higher than the correspondence leaching
solutions. This indicates that the bacteria grow well in these
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Figure 5: Relationship between each column of Eh value. (a) 1st column; (b) 2nd column; (c) 3rd column; (d) 4th column.

columns. They enhance the ferrous oxidizing and produce
ferric iron to oxidize pyrite and uraninite as shown in the
following equations [14]:

4FeSO
4
+O
2
+ 2H
2
SO
4

At.f , L.f
→ 2Fe

2
(SO
4
)
3
+ 2H
2
O

UO
2
+ Fe
2
(SO
4
)
3
→ UO

2
SO
4
+ 2FeSO

4

U
3
O
8
+ Fe
2
(SO
4
)
3
+ 2H
2
SO
4

→ 3UO
2
SO
4
+ 2FeSO

4
+ 2H
2
O

(2)

During bioleaching period, redox potentials increase
and uranium concentrations are also increased as shown
in Figures 5 and 6. With the variation of Eh of irrigating
solution, the uranium concentration is varied too. Therefore,
high Eh value is good benefit for oxidizing fourth valence
uranium [15].Normally, the bacteria need 24 hr of cultivation.

In this type of system, one purpose is the increasing redox
potentials of this system; the other purpose is that the iron
oxidizing bacteria can grow in the column. The irrigation
frequency is 12 hr/day. Irrigation method is that one day we
use bacteria as irrigation solution after domestication by air
in 24 hours for increasing the activity of bacteria and also
increasing the redox potential, and the next day we use PLS
from the former column which contains ferrous iron as the
nutrition for those iron oxidizing bacteria in order to help
the bacteria grow in the ore. The redox potential of PLS is
much lower than that of bacteria culture. For the bacteria
culture and the PLS as irrigation solution changed in turns,
the red curves of irrigation solution are more fluctuant than
blue curve of PLS.

3.3. Uranium Leaching. In the acidification period, there
occurs a uranium concentration peak. Most of sixth valence
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Figure 6: Uranium concentration of PLS for each column during the leaching. (a) From 1 to 30 days and (b) from 31 to 120 days.
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Figure 7: Uranium recovery for each column during the leaching. (a) In the first 30 days; (b) in the next 90 days.

uranium minerals are leaching because they can dissolve in
acid normally. In this period, the redox potential and the
concentration of uranium have no correlation relationship
which are presented in Figure 6(a). There is a big peak for
uranium concentration for each column in the fifth day.
However, the peak of 4th column is the highest one and that
of the 3rd column is the second. The peaks for the control
column and the 1st column are much lower than the later
columns. This is because the later column utilized the PLS of
the former columnwhich contains ferric iron as stronger oxi-
dizing agent. The other reason is that the bacteria can adapt
more easily to the leaching environment which contains
high fluorine and other toxic ions after adopting extreme

toxic iron environment in former column. That is, bacteria
activity was enhanced after they underwent the former
column.

Figure 6(a) shows the uranium concentration of PLS with
different column in bioleaching stage. The U concentration
of PLS from 4th column is higher than those of others.
The average uranium concentration of PLS is 67mg/L of 1st
column, 80mg/L of 2nd column, 95mg/L of 3rd column,
and 147mg/L of 4th column. Obviously, the average uranium
concentration of PLS of later column is higher than that
of the former one. This system can increase the uranium
concentration of PLS. This is good for the iron exchange
system to recover the uranium.
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In acid leaching stage (in the first 30 days), about 65%
to 70% totally were leached in the first 30 days as shown
in Figure 7(a). The major uranium mineral is pitchblende
which can be easily leached by acid with O

2
. Because the

PLS contains bacteria and ferric iron from the former column
as irrigation solution, in this stage, uranium can be leached
more efficiently which has more ferric iron or bacteria. Thus,
the recovery of 4th is greater than that of 3rd column, and that
of 3rd is greater than 2nd column and so on.

After 120 days of bioleaching, the uranium recovery was
81.0% for the 1st column, 81.8% for the 2nd column, 87.5% for
the 3rd column, and 89.5% for the 4th column, respectively,
as shown in Figure 7(b). The uranium recovery of the 4th
column is over 8.5% more than that of the 1st column. The
result demonstrates that the highest leaching of basemetals is
achieved at low pH values under high redox conditionswhere
ferric iron remains in solutions [16].

4. Summary

The continued multicolumns bioleaching is seen to be very
effective for leaching uranium. After 120 d of continued
multicolumns bioleaching, the acid consumption of the last
column was 33.6 g/kg, which is much less than that of acid
leaching. The uranium recovery is highly leached (89.5%).
The highest uranium concentration (4000mg/L) is that from
the 4th column. This technology can effectively enhance
both bacteria activity and uranium concentration of PLS. It
improved the iron exchange system to recover uranium. Fur-
thermore, this continued multicolumns bioleaching system
can reuse the acid of PLS and reduce the acid consumption.
The cost can be reduced by this technology.
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A. Ballester, “Reductive leaching of jarosites by Aeromonas
hydrophila,”Minerals Engineering, vol. 95, pp. 21–28, 2016.
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Anode materials with high capacitance performance are highly desirable for supercapacitors (SCs). In this work, nanomaterials
cobalt sulfide (CoS), sulphur-doped Co

3
O
4
(S-Co

3
O
4
), and Co

3
O
4
were fabricated on a carbon cloth substrate by hydrothermal

method. The composition and morphology of the material were characterized by X-ray diffraction (XRD) patterns and Scanning
ElectronMicroscope (SEM).The electrochemical measurements were performed in a three-electrode system.The result shows that
CoS nanomaterial as anode is of the best electrochemical performance, achieving areal capacitance of 1.98 F/cm2 at 2mA/cm2 in a
5M LiCl solution. Moreover, the CoS anode has long-term cycling stability with more than 85.7% capacitance retention after 10000
cycles, confirming its larger capacitance, good redox activity, and electrochemical stability.

1. Introduction

With the ever increasing energy depletion and aggravating
environmental issue, considerable attention was paid to
energy storage and conversion and intense research has
been concentrated on this field [1, 2]. Of them, super-
capacitors, with their advantages of high-power density,
excellent reversibility, fast recharge ability, and long cycle
life and their potential application in the field of high-
power electronic devices, emergency power supplies, and
hybrid electric vehicles, have attracted significant research
attention [1–6]. However, the relatively low energy density
of SCs impeded their further development and application.
Therefore, based on not sacrificing the power density and
cycle life, it is highly desirable to increase the energy density
of SCs. According to the equation of energy density, 𝐸 =
0.5 CV2, the energy density of a SC can be improved if the
output voltage and/or the capacitance is increased [7]. An

effective approach to increase the voltage is to use organic and
ionic liquid electrolytes [8–10], such as tetraethylammonium
tetrafluoroborate in acetonitrile [9] or lithium perchlorate
in propylene carbonate [10]. Although the voltage window
of up to 3V can be reached, the disadvantages such as
high cost, poor ionic conductivity, and high toxicity prevent
SCs from further applications. A hopeful alternative is to
develop asymmetric supercapacitors (ASCs) based on the
environmentally friendly aqueous electrolyte. As compared
with symmetric supercapacitors (SSCs), ASCs combined two
electrodes with different voltage to increase the operating
voltage in aqueous electrolyte which is up to 2V [11, 12].
Great efforts have been made to research various mate-
rials, such as graphene-MnO

2
//activated carbon nanofiber,

Ni(OH)
2
-graphene and graphene, V

2
O
5
//active carbon, and

MnO
2
//FeOOH [11, 13, 14], for their application on ASCs.

However, previous studies have been mainly focused on the
development of high-performance cathode materials [15]. By
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Figure 1: SEM images of (a) Co
3
O
4
nanomaterials, (b) S-Co

3
O
4
nanomaterials, and (c) CoS nanomaterials on a carbon cloth.

comparison, explorations for anode materials have been very
few as yet. The most common anode materials are carbon-
based nanomaterials, yet they suffer from the relatively low
capacitance which prevents ASCs from further enhancement
in energy density. Therefore, it is necessary to explore novel
anode materials to advance the performance of ASCs.

As promising, environmentally friendly, and low-cost
candidates, cobalt sulfides can also be grown on a flexible
conductive substrate, but they have not been systematically
studied as anode materials yet [16]. In this paper, we reported
the fabrication of Co

3
O
4
, sulphur-doped Co

3
O
4
, and CoS

and compared their electrochemical performance as anodes
of ASCs.The result shows that CoS nanomaterial is of the best
electrochemical performance when used as anode, achieving
areal capacitance of 1.98 F/cm2 at 2mA/cm2 and excellent
long-term cycling stability in a 5M LiCl solution.

2. Experimental

All reagents used in the experiment are up to the stan-
dard of analytical grade that were used without any fur-
ther purification. Co

3
O
4
were fabricated on a carbon cloth

substrate by using hydrothermal method. First, 5mmol
of Co(NO

3
)
2
6H
2
O, 10mmol of NH

4
F, and 25mmol of

CO(NH
2
)
2
were dissolved in 50mL of DI water under

stirring, respectively. After 10 minutes of slight stirring, a
Teflon-lined stainless-steel autoclave of 25mL capacity was
filled with 20mL of homogeneous solution prepared above.
Then, carbon cloth (2 cm × 3 cm) was cleaned by ethanol,
deionized water, and using ultrasonic treatment in turn and
then immersed into the reaction solution. Subsequently, the
autoclave was sealed and heated at 120∘C for 5 h and allowed
to cool down to room temperature. After the reaction, a layer
of Co

3
O
4
film was grown on the carbon cloth substrate and

then washed with DI water and dried at 60∘C. The S-Co
3
O
4

was prepared by immersing a piece of Co
3
O
4
(2 cm × 3 cm)

into a 25mL autoclave containing 0.1M of C
2
H
5
NS, which

was then sealed and heated at 80∘C for 3 h. After cooling
down to room temperature, the sample was washed and then
dried at 60∘C. The CoS was prepared by immersing a piece
of Co

3
O
4
(2 cm × 3 cm) into a 25mL autoclave containing

0.3M of NaS, which was then sealed and heated at 120∘C for
36 h. After cooling down to room temperature, the sample
was washed and then dried at 60∘C.

3. Material Characterization and
Electrochemical Measurement

The composition morphology and structure of the electrode
materials were characterized by X-ray diffraction patterns,
field-emission SEM (FE-SEM, JSM-6330F), and CV, and gal-
vanostatic charge/discharge measurements were conducted
using an electrochemical workstation (CHI 760D). The
electrochemical measurements were performed in a three-
electrode cell, with the individual sample used as working
electrode, a Pt mesh as counter-electrode, and a SCE as
reference electrode.

4. Results and Discussion

The SEM images of Co
3
O
4
, S-Co

3
O
4
, and CoS on carbon

cloth are shown in Figures 1(a), 1(b), and 1(c), respectively. It
can be seen that the individual carbon fiber was uniformly
wrapped by many nanowires with a diameter between 300
and 500 nm and length up to 4 𝜇m. The obvious difference
inmorphology between the SEM images of Co

3
O
4
, S-Co

3
O
4
,

and CoS can be observed. The SEM images of the S-Co
3
O
4

and CoS are much rougher compared with that of Co
3
O
4
;

furthermore, the SEM image of CoS is rougher than that of
S-Co
3
O
4
(Figures 1(b) and 1(c)).

Figure 2 shows the X-ray diffraction (XRD) patterns of
the Co

3
O
4
, S-Co

3
O
4
, and CoS samples. The peaks of Co

3
O
4

and S-Co
3
O
4
samples can be indexed to the standard card

(JCPDS Card no. 42-1467), which are in good accordance
with cubic spinel Co

3
O
4
phase. In addition, the peak shift can

be observed in S-Co
3
O
4
as compared to the peak of Co

3
O
4
,

especially for (311) crystal face, confirming the S doping in the
material. Energy dispersive spectrometry (EDS) elemental
spectrum was performed to provide the doping amount of S
(26.08wt%). The peaks of CoS sample can be indexed to the
standard card (JCPDS Card no. 65-3418), which are in good
agreement with spinel CoS structure.
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3
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4
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, and CoS anodes.

The electrochemical properties of the Co
3
O
4
, S-Co

3
O
4
,

and CoS electrodes were investigated in a three-electrode cell
in 5M LiCl aqueous electrolyte, with a Pt counter-electrode
and a SCE reference electrode. Cyclic voltammogram (CV)
curves of Co

3
O
4
, S-Co

3
O
4
, and CoS electrodes at a scan

rate of 100mV/s were compared in Figure 3(a). It is obvious
that the current densities of S-Co

3
O
4
and CoS electrodes are

substantially higher than that of Co
3
O
4
electrode, indicating

that substantial enhancement of electrochemical capacitance
of S-Co

3
O
4
is originated from the sulphur doping into the

Co
3
O
4
, and the most significant enhancement of electro-

chemical capacitance appeared in CoS sample, which is due
to the specific surface structure of CoS that can be proven by
the rough surface in Figure 1(c). Moreover, the CV profiles
of the CoS electrode at various scan rates are rectangularly
shaped and remain similar as the scan rate increases from
10 to 200mV/s (Figure 3(b)), demonstrating the excellent
capacitive properties and high-rate capability of the CoS
electrode.

Figure 3(c) shows the areal capacitances of the CoS
anode at the scan rates from 10mV/s to 400mV/s calculated
according to its CV curves. The highest areal capacitance of
0.46 F/cm2 obtained at the scan rate of 10mV/s ismuch better
than the value (0.27 F/cm2) obtained for N-Fe

2
O
3
negative

electrode and comparable to the excellent value for other
negative electrodes, such as Co

3
O
4
@RuO

2
(0.6 F/cm2) and

VOS (0.56 F/cm2), demonstrating the excellent capacitive
performance and a good electrical conductivity of CoS anode
[3, 15, 16].

Thegalvanostatic charge-discharge curves of the S-Co
3
O
4

and CoS electrodes at a current density of 2mA/cm2 are
shown in Figure 3(d). Compared with the S-Co

3
O
4
electrode,

the CoS exhibits slower and more symmetrical charge and
discharge curves and a more linear variation of potential ver-
sus time, which is also supported by the galvanostatic charge-
discharge curves collected for CoS electrode at different

current densities from 2 to 3, 4, 5, 6, 8, and 10mA/cm2
(Figure 3(e)), confirming the enhanced capacitance, superior
Coulombic efficiency, and excellent reversibility of the CoS
electrode at a high current density. The areal capacitance
of 0.68 F/cm2 at current density of 10mA/cm2 (shown in
Figure 3(e)) is also comparable to Co

3
O
4
@RuO

2
electrode

(0.67 F/cm2), the best value for cobalt sulfides, proving that
CoS can be a suitable candidate for anode [16].

Figure 4 demonstrates the long-term cycling perfor-
mance of the S-Co

3
O
4
and CoS as anodes, respectively.

Although the capacitance retention CoS is a little lower
than that of S-Co

3
O
4
, more than 85.7% of the capacitance

retention after 10000 cycles at a scan rate of 200mV/s still
indicates that CoS is of excellent long cycle life.

To further find the electrochemical reason for the
phenomenon that the fully converted CoS can signifi-
cantly improve capacitance (Figure 3(a)), the electrochemical
impedance spectroscopy (EIS) measurements on the Co

3
O
4
,

S-Co
3
O
4
, and CoS electrodes were performed (as shown in

Figure 5). It is qualitatively demonstrated that the Nyquist
plots of the EIS spectra show a similar semicircle in a high
frequency range and a spike in a low frequency range. In a
high frequency area, the intercept to the 𝑥-axis represents the
bulk resistance (𝑅

𝑒
), while the semicircle corresponds to the

double-layer capacitance and charge-transfer resistance (𝑅ct).
The𝑅

𝑒
resistances of CoS and S-Co

3
O
4
electrodes are smaller

than that of pristine Co
3
O
4
electrodes, especially for CoS

electrode, indicating the enhanced electrical conductivity and
the significantly improved capacitance of CoS electrodes.

5. Conclusion

In summary, high-performance CoS anode was demon-
strated on woven carbon fabrics. The electrochemical per-
formances of CoS were enhanced dramatically compared
with that of Co

3
O
4
and were better than that of S-Co

3
O
4
.
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Figure 3: (a) CV curves collected for CoS and S-Co
3
O
4
anodes at a scan rate of 100mV/s. (b) CV curves collected for CoS anode at various

scan rates. (c) Areal capacitance of the CoS anode as a function of the scan rate. (d) Galvanostatic charge-discharge curves of the S-Co
3
O
4

and CoS anodes at a current density of 2mA/cm2. (e) Galvanostatic charge-discharge curves of the CoS anodes collected at different current
densities. (f) Areal capacitance of the CoS anode collected from galvanostatic charge-discharge curves as a function of current density.
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and CoS anodes collected at a scan rate of 200mV/s for 10000 cycles.
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Moreover, stable rate capability and cycle capability were
also achieved. These encouraging performances have access
to its applications in high-performance asymmetric super-
capacitors, opening up a novel approach to advancing the
performance of energy storage devices.
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Twist-shaped CuOnanowires were synthesized by two-stepmethod consisting of solution reaction and then heat treatment.The as-
synthesized samples were characterized by X-ray diffraction (XRD) and transmission electronmicroscopy (TEM).When evaluated
as anode materials for lithium ion batteries, twist-shaped CuO nanowires showed a high initial discharge capacity of 983mAh g−1
and maintained a reversible capacity of 320mAh g−1 over 50 cycles at the current density of 100mAg−1. Thus, 1D twist-shaped
CuO nanowires provide a new insight into the development of anode materials for next-generation high performance lithium ion
batteries.

1. Introduction

Rechargeable lithium ion batteries have been considered
as the most promising energy storage device for portable
electronic devices and electrical vehicles due to their high
electromotive force and high energy density [1–4]. Graphite is
commonly used as the anodematerial for commercial lithium
ion batteries owning to its natural abundance and low cost
[5, 6]. However, graphite with low capacity of 372mAh g−1
can not meet the increasing demand for high energy density
[7, 8].Therefore, it is urgent to explore a novel anodematerial
with high theoretical capacity, such as silicon based materials
[9], lithium alloy materials, and transition metal oxides [10].

As one of the transition metal oxides, CuO has attracted
extensive attention because of its natural abundance, low
cost, and ecofriendliness [11, 12], and it has a high theoretical
capacity of 674mAh g−1, which is almost two times that
of graphite. Same as the other transition metal oxides, it
suffers from the large volume expansion and agglomera-
tion during the discharge-charge process, which results in
poor conductivity, rapid capacity fading, and poor cycle
performance [13]. Some strategies have been made to resolve
these issues significantly [14, 15]. It is reported that the CuO
with various nanostructures can effectively alleviate these
drawbacks, such as 0D nanoparticles [16], 1D nanowires [17],

2D nanoplates [18], and 3D nanoflowers [19]. Recently, 1D
nanowires have shown great potential application in lithium
ion batteries due to their large specific surface area and the
porous nanostructures. It can provide short diffusion path
lengths for lithium ion transport to improve the electrical
conductivity and relieve the volume expansion [20, 21].

Herein, twist-shaped CuO nanowires were synthesized
by two-step method consisting of solution reaction and
then heat treatment for the Cu(OH)

2

precursor at different
temperatures (300∘C, 400∘C, and 500∘C) in air. The as-
prepared CuO nanowires exhibited enhanced lithium storage
capacity and good cyclic performance as anode materials for
lithium ion batteries.

2. Experimental

2.1. Preparation of Materials. All reagents were of analytical
grade and directly used without further purification. In the
typical synthesis process, 0.302 g of Cu(NO

3

)
2

⋅3H
2

O and
5mL of H

2

O
2

were dissolved in 50mL of deionized water
under stirring constantly at room temperature for 15min.
Then, 50mL of NaOH (0.15M) aqueous solution was added
to the above solution under mild mechanical stirring and
kept for another 30min. Next, the resulting samples were
collected and washed and centrifuged with deionized water
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and ethanol for several times and then dried at 60∘C for
a night in air. Finally, the CuO nanowires were obtained
by annealing at 300∘C, 400∘C, and 500∘C in air for 20min
and named as CuO-300∘C, CuO-400∘C, and CuO-500∘C,
respectively.

2.2. Structure and Morphology Characterization. X-ray pow-
der diffraction patterns were collected with a TD-3500 X-
ray diffractometer equipped with Cu/Ka radiation (𝜆 =
0.154056 nm); the collection angles were set to 10∘ to 80∘
with a scanning rate of 0.07∘ s−1. The morphology and
microstructure of the samples were investigated by scanning
transmission electron microscopy (TEM-2100).

2.3. Electrochemical Measurements. Electrochemical experi-
ments were carried out in 2032 coin-type cells. The working
electrodes were prepared by mixing the active material (CuO
nanowires), acetylene black, and polyvinylidene fluoride
(PVDF) with a weight ratio of 80 : 10 : 10 in 1-methyl-2-
pyrrolidinone (NMP) to form homogeneous slurry and the
slurries were uniformly coated on the copper foil and finally
dried at 100∘C under vacuum for 12 hours; the total mass
loading of the electrode is about 3mg.The pure lithium sheet
was as the counter and reference electrode. The electrolyte
was 1M LiPF

6

in ethylene carbonate (EC) and dimethyl car-
bonate (DMC) (1 : 1 by volume). All the cells were assembled
in an argon-filled glovebox with the content of moisture and
oxygen below 0.1 ppm.

Cyclic voltammetry (CV) and electrochemical impe-
dance spectra (EIS) measurements were performed using
CHI 760E electrochemistry workstation.TheCV curves were
obtained at a scan rate of 0.2mV/s and the EIS plots were
conducted in the frequency range from 100 kHz to 0.01Hz.
The galvanostatic charge-discharge tests were recorded on
a Battery Testing System (Neware BTS-610) at the current
density of 100mAg−1 in the voltage range of 0.01 to 3.0V.

3. Results and Discussion

The schematic growth progress for the formation of twist-
shaped CuO nanowires via a typical solution reaction and
then heat treatment method is shown in Figure 1. When
Cu(NO

3

)
2

⋅3H
2

O and H
2

O
2

solution were mixed under
stirring constantly at room temperature, a blue solution
was obtained. After 15min, NaOH was added to the above
solution, immediately resulting in a black turbid solution
and forming numerous black Cu(OH)

2

precipitates. With
increasing reaction time, the Cu(OH)

2

further aged and
finally formed individual nanowire structures. Lastly, the
twist-shaped CuO nanowires were obtained by annealing at
temperature of 300–500∘C.

The morphology and structure of twist-shaped CuO
nanowires (500∘C) were characterized by TEM. Figure 2(a)
confirmed that the samples were a uniform nanowires’
structure with a length of 0.75–2.7𝜇m. From the enlarged
TEM image of samples in Figure 2(b), we could further see
that the porous structure-like Chinese hemp flowers rope
consisted of several twist-shaped nanowires with a width of

CuO nanowires

A
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ng

Thermal

annealing

Cu(OH)2 nucleuses

Cu(OH)2 nanowires

+ NaOH

Cu(NO3)2·3H2O
H2O2

Figure 1: Schematic illustration of twist-shaped CuO nanowires.

about 20–75 nm and pores ranging from a few to a few tens
of nanometers in diameter, which was beneficial to the inter-
calation of extra lithiumand shortened the path of lithium ion
transport during the charge-discharge process. The electron
diffraction pattern of twist-shaped CuO nanowires (500∘C)
was shown in inset of Figure 2(b).

The crystal structures of the samples were further studied
by powder X-ray diffraction in Figure 3. Apparently, the
diffraction peaks of Cu(OH)

2

nanowires at different angles
were like high pure crystal without other peaks compared
with the standard card of Cu(OH)

2

(JCPDS 13-0420). Mean-
while, CuO-300∘C, CuO-400∘C, and CuO-500∘C nanowires
were also consistent with the standard card of CuO (JCPDS
48-1548), indicating that Cu(OH)

2

nanowires had trans-
formed to monoclinic crystal CuO nanowires. Besides, the
order of the full-width-at-half-maximum (FWHM) of XRD
peaks for three CuO samples was 0.484∘ (CuO-500∘C) <
0.593∘ (CuO-400∘C) < 0.851∘ (CuO-300∘C), which confirmed
that the CuO-500∘C nanowires had better pure crystallinity
than others.

In order to investigate the performance of twist-shaped
CuO nanowires, electrochemical characterization was con-
ducted based on 2032 coin-type cells with pure lithium sheet
as the counter electrode. The cyclic voltammetry curves of
the CuO-500∘C nanowires anode for the 1st, 2nd, and 3rd
cycles in the potential range from 0V to 3V (versus Li+/Li)
at a scan rate of 0.2mV s−1 were shown in Figure 4(a). In
the first cathodic process, there were two peaks located at
around 0.69V and 0.93V, which might be ascribed to the
formation of a solid electrolyte interface (SEI) layer and
the reduction of CuO to Cu, respectively [22]. In the first
anodic process, two oxidation peaks at 0.81 V and 2.48Vwere
attributed to the oxidation of metallic Cu to Cu

2

O and the
oxidation of Cu

2

O to CuO, respectively [23]. In subsequent
cycles, the cathodic peaks shifted to 1.09V and 0.61 V due
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Figure 2: (a) Low-resolution TEM of twist-shaped CuO nanowires (500∘C) and (b) high-resolution TEM of twist-shaped CuO nanowires
(500∘C). The inset presents SAED pattern of CuO nanowires (500∘C).
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Figure 3: XRD patterns of the as-prepared Cu(OH)
2

nanowires and
CuO-300∘C, CuO-400∘C, and CuO-500∘C nanowires.

to the structure modification after the first cycle [18], and
the anodic peaks overlapped very well, suggesting that the
electrochemical reversibility of CuO tended to bemore stable.

Figure 4(b) presented the galvanostatic discharge-charge
profiles of CuO-500∘C nanowires at the current density of
100 mAg−1 in the voltage of 0∼3.0V. In the first discharge
profile, two obvious sloping potential plateaus located at 1.6–
1.15 V and 1.0–1.25V were observed. The first long voltage
plateau (1.6–1.15 V) implied that the lithium insertion to
CuO was to form Cu and the second voltage plateau at 1.0–
1.25V was ascribed to the formation of a solid electrolyte
interface (SEI) layer [16, 24]. In the following charge profile,
an unobvious voltage plateau at around 2.41 V represented
the oxidation of metallic Cu to CuO [23], which was in good
agreement with the CV results. In the first cycle, the discharge
capacity of CuO-500∘C nanowires was about 983mAh g−1;
however, the first charge capacity dramatically decreased
to 496mAh g−1 corresponding to low coulombic efficiency

of 50%. The high capacity loss was believed to originate
from the decomposition of electrolyte and the formation
of solid electrolyte interface (SEI) layer on the electrode
surface [25, 26]. At the second cycle, the discharge capacity
was 495mAh g−1, with coulombic efficiency of 95.2%, and
482mAh g−1 and 96.5% at the third cycle, which indicated
that the reversible performance increased.

The cycling performances of twist-shaped CuO nano-
wires of different temperature and their corresponding
coulombic efficiencies at the current density of 100mAg−1
were shown in Figure 4(c). It can be seen that the CuO-
500∘Cnanowires showed the highest capacity of 983mAh g−1
for the first cycle, the CuO-400∘C presented lower capacity
of 956mAh g−1, and the CuO-300∘C presented the lowest
capacity of 948mAh g−1. Although all samples had a higher
capacity than the theoretical capacity of CuO (670mAh g−1)
for the first cycle, they have a low coulombic efficiency,
which is attributed to the formation of SEI layer on the
electrode surface, large volume expansion, and electrode
decomposition during the charge-discharge process [12, 27].
Even after 50 cycles, the discharge capacity of 320mAh g−1
of CuO-500∘C was much higher than 203mAh g−1 of CuO-
400∘C and 133mAh g−1 of CuO-300∘C. It is also better than
that of spherical CuO nanoparticles reported by Zhang et al.,
300mAh g−1 after 30 charge/discharge cycles [28].Therefore,
CuO-500∘C nanowires exhibited the most excellent perfor-
mance, which indicated that high temperature calcination
was beneficial to the lithium storage. In addition, all samples
possessed a high coulombic efficiency of 98% except the first
several cycles.

In order to verify the remarkable cycle performance
of CuO nanowires electrodes, electrochemical impedance
spectrum (EIS) was performed on the cell. Electrochemical
impedance spectrum (EIS), in Figure 4(d), consisted of a
small semicircle at the high-medium frequency region and
a long line at the low-medium frequency region. In the high-
medium frequency, semicircle represented the electric con-
tact and charge-transfer resistance and, in the low-medium
frequency, the slope of line associated with lithium ion diffu-
sion activity. Obviously, we could observe that the diameter
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Figure 4: (a) Cyclic voltammetry curves of CuO-500∘C nanowires in the 1st, 2nd, and 3rd cycles. (b) Galvanostatic discharge-charge profiles
in the 1st, 2nd, and 3rd cycles of CuO-500∘C nanowires at the current density of 100mAg−1. (c) Cycling performances of CuO-300∘C, CuO-
400∘C, and CuO-500∘C at the current density of 100mAg−1. (d) Electrochemical impedance spectra plots of CuO nanowires electrodes over
the frequency range of 100 kHz and 0.01Hz.

of the semicircle of CuO-500∘C was smaller than that of
CuO-400∘C and CuO-300∘C, suggesting that CuO-500∘C
had the lowest electric contact and charge-transfer resistance.
What was more, the slope of line of CuO-500∘C was bigger
compared to others, which also verified the front result.
Because of better crystallinity at 500∘C,CuO at 500∘C showed
more superior electrochemical performance to the other
temperatures.

4. Conclusion

In this work, twist-shaped CuO nanowires were success-
fully synthesized by two-step method consisting of solution
reaction and then heat treatment for the Cu(OH)

2

precursor
at different temperature in air. This method is simple, rapid,

green, and of low cost. When evaluated as anode materials
for lithium ion batteries, CuO-500∘C nanowires showed a
great electrochemical performance, including high discharge
capacity and high capacity retention, delivered a high initial
discharge capacity of 983mAh g−1 in the first cycle, and
maintained a reversible capacity of 320mAh g−1 over 50
cycles at a current density of 100mAg−1. Thus, 1D twist-
shaped CuO nanowires provided a new insight into the
development of anode materials for next-generation high
performance lithium ion batteries.
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We report the fabrication of uniform large-area manganese oxide (MnO
2
) nanosheets on carbon fabric which oxidized using O

2

plasma treatment (MnO
2
/O
2
-carbon fabric) via electrodeposition process and their implementation as supercapacitor electrodes.

Electrochemical measurements demonstrated that MnO
2
/O
2
-carbon fabric exhibited capacitance as high as 275 F/g at a scan rate

of 5mV/s; in addition, it showed an excellent cycling performance (less than 20% capacitance loss after 10,000 cycles). All the
results suggest that MnO

2
/O
2
-carbon fabric is a promising electrode material which has great potential for application on flexible

supercapacitors.

1. Introduction

With the rapid development of economy, the global energy
consumption has been increasing for decades. As a result,
the traditional fossil energy faces serious shortages. Green
renewable energy such as solar cells and wind power gen-
eration set is desired. However, most of the new energy
sources are intermittent and unsustainable, which hinder
their application greatly [1, 2].The energy supply gap deriving
from the discontinuous characteristics of the renewable
sources can be filled by coupling them with energy storage
devices, such as supercapacitors (SCs) and batteries, which
are able to store energy and deliver it to power the electronics
[3–5].

SCs have drawn great attention in addressing the emerg-
ing energy demands due to the advantages of high power
density, fast charge/discharge rates, and long cycle life [6–8].
Generally, SCs could be categorized into two types according
to the charge storage mechanisms: electrochemical double
layer capacitors (EDLCs) [9, 10] and pseudocapacitors (PSCs)
[11–13]. EDLCs attract charges on the electrode-electrolyte
interface of electrode materials electrostatically; meanwhile
PSCs store energy via fast redox reaction on/near electrode
surface [5, 14, 15]. Each of the two types of SCs has advantages
and disadvantages, respectively. EDLCs use carbon mate-
rials such as carbon nanotubes (CNTs), graphene, carbon

nanofibers (CFs), and carbon onion as electrode materials,
while PSCs employ transition metal oxides or conducting
polymers such as manganese oxide (MnO

2
), molybdenum

trioxide (MoO
3
), and polyaniline as electrode materials.

Carbon materials usually hold higher physical and chemical
stability, better electrical conductivity, and higher specific
surface than those materials for PSCs, resulting in higher
rate capability and longer durability than the latter. However,
the theoretical capacitance of carbonmaterials is much lower
than that for transition metal oxides, leading to the fact that
most specific capacitance of carbon-based EDLCs are less
than 150 F/g [3, 16–18]. On the contrary, PSCs exhibit higher
capacitance and energy density through Faradic reaction, but
suffered by the poor electrical conductivity [12, 19]. In this
regard, if we can combine both the advantages of the two
types of SCs and solve the shortcomings, then the SCs with
enhanced electrochemical properties could be expected.

MnO
2
is one of the most attractive pseudocapacitive

materials for the superior theoretical capacitance (1370 F/g),
low cost, and abundance. Nevertheless, it suffered from the
poor electric conductivity (10−5–10−6 S/cm), leading to the
fact that the practice capacitance is much lower than the the-
oretical value [20, 21]. Growth of pseudocapacitive materials
on well conductive carbon substrates not only can facilitate
the diffusion of electrolyte ions but also can improve the
transport of electrons, thus enhancing the electrochemical
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Figure 1: Schematic of the fabrication procedure for MnO
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-carbon composites.

properties [22, 23]. Furthermore, the hybrid structures may
broaden their applications in energy storage device [24].

Herein, different surface treatments were employed to
carbon fabric for assessing the influence of different treat-
ments on the surface chemical states. We choose carbon
fabric as substrates here for its low cost, good electrical
conductivity, excellent chemical stability, and the flexible
nature. Characterizations showed that the oxidic carbon
fabric substrate is more suitable for electrodeposition of
MnO
2
, for the reason of more oxygen containing functional

groups which can act as nucleation points of MnO
2
. As a

result, it exhibits a high specific capacitance (275 F/g) at a
current density of 5mV/s. In addition, the oxidic carbon
fabric-MnO

2
showed excellent long-term cycle stability.

2. Experimental

2.1. Synthesis of MnO2/Carbon Fabric. The carbon fabric was
oxidized or reduced using plasma technology. Firstly, carbon
fabric was cut into the same size (0.9 × 1.8 cm2). Then it
was cleaned ultrasonically for 15min by acetone, ethanol, and
deionizedwater, respectively. After drying at 70∘C, the carbon
fabric was placed in plasma sample chamber for oxidation or
reduction treatments.The treated carbon fabric was ready for
next experiments.

A template-free electrodeposition method was intro-
duced to fabricate MnO

2
/carbon fabric in a three-electrode

cell. Carbon fabric, a graphite rod, and a saturated Ag/AgCl
electrode were used as working electrode, counter electrode,
and reference electrode, respectively.The solution containing
0.01M manganese acetate (MnAc

2
) and 0.02M ammonium

acetate (NH
4
Ac)was used as electrolyte.The constant current

and deposition time are 0.1mA/cm2 and 30min, respectively.

2.2. Fabrication of SCs Electrodes. One piece ofMnO
2
/carbon

fabric was used as working electrode. The saturated Ag/AgCl
electrode, a piece of pure Pt foil, and 1M sodium sulfate
(Na
2
SO
4
) aqueous solution were employed as reference

electrode, counter electrode, and electrolyte, respectively.

2.3. Characterization. Themorphology ofMnO
2
/carbon fab-

ric was analyzed using scanning electron microscopy (SEM,
JSM-7100F). The transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HR-
TEM)were performed on a JEOL-2010HR transmission elec-
tron microscope to further investigate the internal structures
and lattice fringes. The crystal structure of MnO

2
/carbon

fabric was characterized by X-ray diffraction using the Cu K
𝛼

radiation (𝜆 = 1.5418 Å) (XRD, D8-Advanced Bruker-AXS).
The electrochemical workstation (Chenhua, CHI 660D)

was used to perform cyclic voltammetry (CV) and chronopo-
tentiometry measurements. Autolab (PGSTAT302N) was
used tomeasure the electrochemical impedance spectroscopy
(EIS) with potential amplitude of 10mV under the frequency
ranging from 10 kHz to 100mHz.

3. Results and Discussion

The fabrication procedure for the MnO
2
-carbon fabric com-

posites is illustrated in Figure 1. Firstly, the carbon fabric
cut in 0.9 × 1.8 cm2 is washed by deionized water, acetone,
and ethanol, respectively. After drying, the carbon fabric
was reduced or oxidized by plasma to add redox active
functional groups on carbon fabric. Finally, the efficient
electrodeposition method was adopted to prepare MnO

2
-

carbon fabric composites.
The morphology of the original carbon fabric and as-

prepared MnO
2
/carbon fabric samples was characterized by

SEM, as shown in Figure 2. Figure 2(a) clearly shows that
there is no other substance on the carbon fiber surface except
very small amount of impurities. After electrodeposition,
all the carbon fibers were covered by a multitude of MnO

2

on their surface (Figures 2(b)–2(d)). However, from Figures
2(b) and 2(c), it can be observed clearly that both the
electrodeposition samples based on the pristine carbon fabric
(MnO

2
/carbon fabric) and the carbon fabric reduced under

Ar atmosphere (MnO
2
/Ar-carbon fabric) covered by many

flower-like MnO
2
on the surface which exhibit uneven sur-

face characteristics, suggesting lower pseudocapacitive elec-
trochemical performance. Meanwhile, there is lots of sheet
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Figure 2: The SEM images of (a) the rare carbon fabric, (b) MnO
2
/carbon fabric, (c) MnO

2
/Ar
2
-carbon fabric, and (d) MnO

2
/O
2
-carbon

fabric.

MnO
2
covering densely the carbon fabric fiber surface which

oxidized under O
2
atmosphere (MnO

2
/O
2
-carbon fabric).

The uniform surface morphology implies that it may have
good electrochemical performance. Hence, we will further
investigate the internal structure and electrochemical prop-
erties of MnO

2
/O
2
-carbon fabric.

TEM was introduced to further investigate the mor-
phology of MnO

2
/O
2
-carbon fabric, as shown in Figure 3.

According to the low resolution TEM image (Figure 3(a)),
the electrodeposited MnO

2
is a sheet shape with a nanoscale

thickness. HRTEM image (Figure 3(b)) shows the interplanar
spacings for the two perpendicular directions to be∼0.48 nm.
This value corresponds to 𝑑

101
of the tetragonal MnO

2
phase

(JCPDS reference card number 18-0802).
XRD pattern was collected from the electrodeposited

products for investigating the crystal phase, as shown in
Figure 4. From the spectrum, there are six peaks located at 2𝜃
= 11.4∘, 21.4∘, 36.5∘, 37.7∘, 41.3∘, 54.9∘, and 65.7∘. Among them,
the broad peak located at 21.4∘ not only corresponds to the
amorphous carbon but also can be assigned to the reflection

of (101) of tetragonal MnO
2
. Meanwhile, the other five

peaks can be well assigned to the tetragonal MnO
2
(JCPDS

reference card number 18-0802), which is consistent well with
the TEM observations. Hence, the products synthesized by
electrodeposition procedure are tetragonal MnO

2
.

To study the electrochemical performances ofMnO
2
/O
2
-

carbon fabric, cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) were conducted using a three-
electrode configuration with Ag/AgCl as reference electrode
and 1M Na

2
SO
4
as electrolyte. The typical CV curves of

MnO
2
/O
2
-carbon fabric are displayed in Figure 5(a) with

scan rates from 5mV/s to 100mV/s. From the curves, even the
scan rate has been increased to 100mV/s; theCVcurves retain
a symmetrical rectangular shape, which demonstrate that
the MnO

2
/O
2
-carbon fabric not only holds rapid capacitive

response but also has good electronic conductivity. In addi-
tion, the GCD curves of MnO

2
/O
2
-carbon fabric collected at

various current densities (Figure 5(b)) remain of semisym-
metric shape revealing reversible ion adsorption/reaction on
the surface and good Coulombic efficiency. Moreover, the
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Figure 4: The XRD pattern of the electrodeposited products.

IR drop derived from the GCD curves of MnO
2
/O
2
-carbon

fabric is as low as 0.05V at 2A/g, suggesting the MnO
2
/O
2
-

carbon fabric has good electrical conductivity. Combined
with the excellent electrical conductivity of the carbon fabric
and high theory capacitance value of manganese MnO

2
,

enhanced properties are expected.
The specific capacitance derived from the discharge

curves measured at different current densities could be
calculated according to the following equation [1]:

𝐶
𝑠
=

𝑄

Δ𝑈 × 𝑚

, (1)

where 𝐶
𝑠
is the mass specific capacitance of the MnO

2
/O
2
-

carbon fabric, 𝑄 is the average electric quantity, Δ𝑈 is the
working voltage window of the active material, and 𝑚 is the
mass of the active material.

The specific capacitance of the MnO
2
/O
2
-carbon fabric

calculated from their CV curves with different scan rates was

summarized in Figure 5(c). From the specific capacitance
change curve, the specific capacitance value decreases along
with the increase of the scan rate. The highest specific
capacitance for MnO

2
/O
2
-carbon fabric can achieve 275 F/g

at the scan rate of 5mV/s. This value is higher than those
recently reported for other MnO

2
electrodes [25–27]. The

specific capacitance of MnO
2
/O
2
-carbon fabric still remains

more than 45% (120 F/g) comparable with that obtained
at 5mV/s when the scan rate increases to 200mV/s. It is
important to note that the specific capacitance contribu-
tion of the carbon fabric is rather small [28, 29]. Thus,
the MnO

2
/O
2
-carbon fabric has high rate capability which

provides a benefit for the potential applications. The high
rate capability could be attributed to the unique free-standing
composite structure including good-electrical-conductivity
carbon fibers and disordered nanosheets which not only
makes electron transportation and ion diffusion convenient,
but also facilitates the reaction of active species, so that a good
rate capability was obtained.

Beside high specific capacitance, good cycling perfor-
mance is also one of the most important characteristics
for high-performance supercapacitors [24]. In present work,
GCD cycling at a current density of 5 A/g was employed
to evaluate the long-term stability of the MnO

2
/O
2
-carbon

fabric electrode. From Figure 5(d), it is observed clearly that
the specific capacitance for MnO

2
/O
2
-carbon fabric remains

more than 70% of the initial capacitance over the first 5000
cycles. Meanwhile, the capacitance even slightly increases
to about 80% of the initial capacitance after 10,000 cycles.
The specific capacitance increase of the MnO

2
/O
2
-carbon

fabric could be assigned to the following reasons: after the
beginning circulations, the intercalation and deintercalation
of the active species had been reacted completely, leading to
the increase of active points; hence the specific capacitance
was enhanced. This outstanding long-term stability perfor-
mance could be attributed to the good contact betweenMnO

2

nanosheets and carbon fibers. Furthermore, this cycling
performance is higher than those recently reported results
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Figure 5: (a) Cyclic voltammogram curves, (b) galvanostatic charge-discharge curves, (c) specific capacitance, and (d) cyclic performance of
MnO

2
/O
2
-carbon fabric, respectively.

for MnO
2
nanotube arrays [30], MnO

2
nanowires [31], and

hierarchical tubular MnO
2
structures [32].

4. Conclusions

In summary, uniform large-area MnO
2
nanosheets were suc-

cessfully fabricated on flexible carbon fabric through a simple

electrodeposition method. The as-electrodeposited MnO
2
/

O
2
-carbon fabric was implemented as supercapacitor elec-

trodes and shows outstanding electrochemical performance
such as high specific capacitance and good cyclic stabil-
ity. These results suggest that MnO

2
/O
2
-carbon fabric is a

promising electrode material which has great potential for
application in flexible supercapacitors.
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ZnO nanocrystals were synthesized via a thermal decomposition method. X-ray diffraction, transmission electron microscopy,
and photoluminescence were used to investigate the composition and nanostructure of the material. Compared with commercial
ZnO nanoparticles, ZnO nanocrystals showed higher lithium storage capacity and better cycling characteristics and exhibited a
reversible discharge capacity of 500mAh g−1 after 100 cycles at 200mAg−1.

1. Introduction

Transition metal oxides have gained more and more interest
as electrode materials in lithium-ion batteries in the last
decades because of their higher theoretical capacity and
safety compared with the conventional carbon materials
[1–4]. Among them, ZnO, a wide-bandgap semiconductor
of 3.37 eV at room temperature with large exciton binding
energy of 60meV, is a multifunctional material for a variety
of practical applications such as piezoelectric devices [5], field
emission [6], gas sensors [7], dye-sensitized solar cells [8],
and photocatalysts [9] due to its excellent physical and
chemical properties. ZnO has superior advantages such as
low cost, facile preparation, morphologic diversity, and high
chemical stability. ZnO nanocrystals with different mor-
phologies have some special properties of physics, so intense
interests have been devoted to the synthesis of ZnO with
various morphologies such as nanowires [10], nanobelts [11],
nanorods [12], and nanosheets [13].

As an anode material of lithium-ion batteries, ZnO has
a theoretical capacity of 978mAh g−1 [14]. However, the
poor electronic conductivity, large volume change during
lithium/delithium process, and the resulting severe capacity
fading hinder its practical application [15]. Hitherto, some
efforts have been made to improve its cycling performance
including synthesis of nanostructures [15–17], doping and

forming composite with metal [18, 19], metal oxide [20–
22], carbon [23, 24], and graphene [25, 26]. For example,
dandelion-like ZnO nanorod arrays showed higher lithium
storage capacity and better cycling characteristics compared
to powder-form ZnO [27]. Mesoporous ZnO nanosheets
exhibit a 50th charge capacity of 420mAh g−1, and the capac-
ity and cycling performance are enhanced compared with
those of common solid ZnO particles [17]. More significant
research efforts are needed to further improve the lithium-
ion battery performances of ZnO.

In the present work, ZnO nanocrystals have been pre-
pared by a thermal decomposition method and their elec-
trochemical performances as lithium anode materials are
investigated.

2. Experimental Section

2.1. Preparation of ZnO Nanocrystals. 0.316 g zinc stearate
(Zn(St)

2

, 10–12% Zn basis, Sigma-Aldrich) and 10 g 1-
octadecene (ODE, technical grade, 90%, Sigma-Aldrich)
were loaded in a 50mL three-necked flask, degassed, and
heated to 270∘C under an argon flow. A separate solution
of 2.5 g ODE containing 0.676 g 1-octadecanol (ODA, 95%,
Sigma-Aldrich) at 200∘C was rapidly injected into the reac-
tion flask to generate nanocrystals. The reaction was allowed
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to proceed for 30min. When the reaction was finished,
the reaction mixture was cooled to room temperature. The
resulting nanocrystals were precipitated out by adding ethyl
acetate, carefully purified with hexane/ethanol mixtures, and
dried at 70∘C. Ethyl acetate (AR), hexane (AR), and ethanol
(AR) were purchased from SinopharmChemical Reagent Co.
Commercial ZnO nanoparticles (30±10 nm)were purchased
from Aladdin Industrial Corporation for comparison.

2.2. Characterization of ZnO Nanocrystals. Powder X-ray
diffraction (XRD) analyses were performed on a Philips PW-
1830 X-ray diffractometer with Cu K𝛼 irradiation (𝜆 =
1.5406 Å) at a scanning speed of 0.014∘/sec over the 2𝜃 range
of 30–60∘. The electronic morphology of the samples was
examined by a transmission electron microscope (TEM; FEI
Tecnai G2 Spirit, USA). Photoluminescence (PL) spectra of
the sample on Si substrate were recorded using Jobin-Yvon
LabRAM high-resolution spectrometer with He-Cd laser
(𝜆 = 325 nm). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) results were obtained with
Zennium/IM6 electrochemical workstation (Zahner, Ger-
many).

2.3. Electrochemical Performance. The coin cells (CR2025)
were assembled to test the electrochemical performance of
the as-prepared electrodes. The as-prepared samples were
mixed with acetylene black and carboxymethyl cellulose, in
a weight ratio of 60 : 20 : 20 in an aqueous solution to form
homogeneous slurry. The slurry was spread onto 10 𝜇m thick
copper foil and dried at 60∘C for 12 h in a vacuum oven and
then pressed to obtain the electrode sheet with a 9-10 𝜇m
coating thickness and a loading level of about 1.4mg cm−2.
The electrolyte of 1M LiPF

6

and 5% fluoroethylene carbonate
(FEC) in ethylene carbonate (EC, >99.9%)/diethylene car-
bonate (DEC, >99.9%)/dimethyl carbonate (DMC, >99.9%)
(v : v : v = 1 : 1 : 1, water content <20 ppm) was purchased
from Zhangjiagang Guotai-Huarong New Chemical Materi-
als Company (China).The cells were assembled in anAr filled
glove-box. The cells were charged and discharged galvanos-
tatically in the fixed voltage window from 0.01 V to 3V on
a Shenzhen Neware battery cycler (China) at 25∘C.

EIS was measured by applying an alternating voltage of
5mV over the frequency ranging from 10−2 to 105Hz. In
this work, unless otherwise specified, all impedance mea-
surements were carried out after one cycle of the prepared
electrode.

3. Results and Discussion

Thecrystal structure of the samplewas characterized byXRD,
as shown in Figure 1. All diffraction peaks can be indexed as
the hexagonal phase of ZnO, which is in good agreement with
JCPDS number 36-1451.

The typical morphology of ZnO nanocrystals and com-
mercial ZnOnanoparticles, as observed by TEM, is presented
in Figure 2. It can be seen that the reaction generated trigonal
ZnO nanocrystals with the size of 10–15 nm (side-edge
length). The diameter of commercial ZnO nanoparticles was
30 ± 10 nm.
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Figure 1: XRD pattern of ZnO nanocrystals.

PL spectrum of the sample is shown in Figure 3. Strong
excitonic emission at 375 nm and a broad but weak spectral
band ranging from 450 to 600 nm were observed. The near-
UV peak is due to the recombination of electron and hole in
an exciton, while the visible emission is due to the presence of
various point defects, such as interstitial oxygen and oxygen
vacancies.

The electrochemical properties of ZnO nanocrystal and
commercial ZnO nanoparticle electrode for lithium-ion bat-
teries were investigated. Figure 4 reveals the CV of the elec-
trodes at a scan rate of 0.5mV s−1 in the voltage ranging from
0.01 to 3V. Both of the first discharge process (negative scan)
of ZnO nanocrystal and the commercial ZnO electrodes
showed broad peaks around 1.2–1.0 V and 0.5–0.7V and a
sharp reduction peak below 0.3V, corresponding to the irre-
versible reactions (the reaction of FEC decomposition and
formation of primal solid electrolyte interface (SEI) film on
the surface of composite electrode) and the insertion of Li
ions into ZnO, respectively. The relative peak at 0.5 V origi-
nated from the reduction of ZnO into Zn and the formation
of amorphous Li

2

O, while the strong peak near 0.25V was
caused by the generation of Li-Zn alloy together with the
decomposition of electrolyte.These peaks disappeared in fur-
ther cycles, indicating the irreversible reduction of ZnO with
a large irreversible capacity in the first cycle. New reduction
peaks at about 0.80 and 0.30V appeared after the first cycle
and shifted to a lower voltage during further cycles. In the
subsequent delithium process for ZnO nanocrystals (Fig-
ure 4(a)), six weak oxidation peaks centred at 0.27, 0.52, 0.63,
1.48, 1.78, and 2.20V could be carefully discernedwhich could
be attributed to multistep dealloying of Li-Zn alloy. However,
for commercial ZnO electrode (Figure 4(b)), only two oxida-
tion peaks of 0.65 and 1.52V could be found in the CV curves.
Besides, the ZnO nanocrystal electrode displayed a higher
peak current in both oxidation-reduction reaction processes,
indicating that a better and more active electrode reaction
happened.

The cycling performances of ZnO nanocrystal and com-
mercial ZnO nanoparticle electrode at a current density
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Figure 2: TEM images of (a, b) ZnO nanocrystals and (c) commercial ZnO nanoparticles.
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Figure 3: PL spectrum of ZnO nanocrystals.

of 200mAg−1 and 400mAg−1 were displayed in Figure 5.
At 200mAg−1, ZnO nanocrystal electrode delivered a high
initial charge/discharge capacity of 709/1563mAh g−1 and
exhibited a high average discharge capacity of 500mAh g−1
over 100 cycles, while commercial ZnO nanoparticle elec-
trode delivered a lower initial charge/discharge capacity of
489/1273mAh g−1 and exhibited a lower average discharge
capacity of 112mAh g−1 over 100 cycles. At 400mAg−1, the
electrodes showed similar results. The ZnO nanocrystal elec-
trode displayed a better cycling performance, which delivered
an initial charge/discharge capacity of 676/1475mAh g−1 with
a coulombic efficiency of 45.8% and exhibited the discharge
capacity of 428mAh g−1 over 100 cycles.

The rate capabilities of ZnO nanocrystal electrode are
shown in Figure 6. ZnO nanocrystal electrode was cycled at
a current density of 200mAg−1 for the initial 2 cycles. Then,
the current density was increased gradually to 4000mAg−1
and finally returned to 200mAg−1. The ZnO nanocrystal
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Figure 4: Cyclic voltammograms of (a) ZnO nanocrystal and (b) commercial ZnO nanoparticle electrode tested at 0.5mV s−1 in 0.01–3V.
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Figure 5: Cycle performances of ZnO nanocrystal and commercial ZnO nanoparticle electrode at a current density of (a) 200mAg−1 and
(b) 400mAg−1.

electrode showed a first charge/discharge capacity of 570/
1272mAh g−1 with a coulombic efficiency of 44.8%. At
a higher current density of 500, 1000, 2000, 3000, and
4000mAg−1, the capacity dropped to about 309, 187, 114, 75,
and 51mAh g−1, respectively.

To investigate the difference in electrochemical perform-
ance, EIS was employed to characterize the impedance prop-
erties of electrodes. The Nyquist complex plane impedance
plots of the electrodes after the first two charge/discharge
cyclic processes are presented in Figure 7. Both Nyquist plots

which consisted of a depressed semicircle at high frequency
range correlated with the electron transfer resistance on
the interface of electrode/electrolyte. These Nyquist plots
were fitted with the equivalent circuit (inset), as shown in
Figure 7. This equivalent circuit consisted of a series of
four resistors elements, three constant-phase elements (CPE),
and a Warburg diffusion element. In the equivalent circuit,
𝑅
1

was composed of the electrolyte resistance (𝑅
𝑠

) and the
electrode resistance (𝑅

𝑒

); 𝑅
2

represented the SEI film resis-
tances; 𝑅

3

represented the interphase electronic contacts
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Table 1

Sample ID 𝑅
1

(Ω)
𝑅
2

(Ω)
𝑅
3

(Ω)
𝑅
4

(Ω)
CPE
1

CPE
2

CPE
3 W

(DW)𝑌
0,1

(𝜇F) 𝑛
𝑌
0,2

(𝜇F) 𝑛
𝑌
0,3

(𝜇F) 𝑛

Commercial ZnO 0.3 1.7 107.1 43.1 0.55 0.4 4.7 0.8 103.5 0.7 69.2
ZnO nanocrystals 0.3 1.3 53.4 22.2 0.91 0.4 6.2 0.6 280.5 0.6 47.6
Y
0

and 𝑛 are two parameters of the constant-phase element.

Table 2: Electrochemical performance comparison of ZnO-based anodes for lithium-ion batteries.

The structure of the material Specific discharge capacity (mAh g−1) Cycle number Current density References
ZnO radial hollow microparticles 320 100 200mAg−1 [28]
ZnO nanowires 252 30 120mAg−1 [29]
ZnO flower-like microaggregates 179 200 1 C [30]
ZnO dandelion-like nanorod arrays 310 40 250mAg−1 [27]
ZnO flower-like arrays 238 50 0.5 C [31]
ZnO microrod arrays 150 50 500mAg−1 [16]
ZnO nanowire arrays 200 40 120mAg−1 [32]
ZnO flower-like microparticles 200 50 120mAg−1 [33]
ZnO nanoplates 368 100 0.1 C [34]
ZnO mesoporous nanosheets 420 50 100mAg−1 [17]
Flower-like ZnO nanospheres 381 30 0.5 C [35]
Ultralong mesoporous ZnO nanowires 432 10 0.1 C [36]

ZnO nanocrystals 500 100 200mAg−1 This work
428 400mAg−1
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Figure 6: Rate performance of ZnO nanocrystal electrode.

resistance; 𝑅
4

was the charge-transfer resistance across elec-
trode/electrolyte interface; CPE

1

and CPE
2

were attributed
to the Li+ diffusion in the SEI film and pore channel of
the electrode materials, respectively; CPE

3

represented the
electric double-layer capacitance of electrode/solution inter-
face; 𝑍

𝑊

which represented Warburg impedance was related
to the semi-infinite diffusion of lithium ions into the bulk
electrode [37, 38].

By fitting the impedance data, the typical parameters were
obtained and summarized in Table 1. It was seen that the
smaller 𝑅

3

was also observed in ZnO nanocrystal electrode,
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Figure 7: Nyquist plots for ZnO nanocrystal and commercial ZnO
nanoparticle electrodes. The spots correspond to the experimental
data, and the solid lines stand for the calculated data from the
equivalent circuits of inset.

which usually favored the fast transport of Li+ ions and
the electrons across the interface. It also indicated that the
carbon layer supplied fast charge-transfer channels on the
interface of ZnO nanocrystal. 𝑌

0,1

, 𝑌
0,2

, and 𝑌
0,3

of the ZnO
nanocrystal electrode were higher than those of commercial
ZnO electrode. The increase of 𝑌

0,3

representing the electric
double-layer capacitance favored the charge transfer for the
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electrode reaction. And the increase of 𝑌
0,1

and 𝑌
0,2

favored
the diffusion of Li+ in the SEI film and within the pore
channels in the electrode, respectively.

ZnO nanocrystal electrode showed a smaller charge-
transfer resistance and higher electric double-layer capac-
itance as compared with the commercial ZnO electrode,
indicating an improved kinetic character of electrode reac-
tions (i.e., charge transfer and polarization) which could be
ascribed to the better availability of electrons and perhaps
also Li+. The smaller particle size and better crystal type
constituted a fast pathway for mass transport and electron
transfer andhence improved Li storage capacity.The excellent
capacity of the ZnO nanocrystals is highly attractive when
compared with other reported ZnO-based anode materials
(Table 2).

4. Conclusion

In summary, ZnO nanocrystals with side-edge length of
10–15 nm were synthesized via the thermal decomposition
method. A high reversible discharge capacity of 500mAh g−1
of ZnO nanocrystals was observed after 100 cycles at
200mAg−1. Compared with commercial ZnO nanoparticles,
ZnO nanocrystals showed higher lithium storage capacity.
These results are attributed to the structural difference of ZnO
nanocrystals resulting in different cell impedance, which
affects the Li-ion diffusion.
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The p-type ZnO nanorod arrays were prepared by doping Na with hydrothermal method. The structural, electrical, and optical
properties were explored by XRD, Hall-effect, PL, and Raman spectra. The carrier concentrations and the mobility of Na-doped
ZnO nanorod arrays are arranged from 1.4 × 1016 cm−3 to 1.7 × 1017 cm−3 and 0.45 cm2 v−1 s−1 to 106 cm2 v−1 s−1, respectively.

1. Introduction

Zinc oxide (ZnO) is a promising material candidate for
photoelectronic devices due to its direct wide electron energy
bandgap of 3.37 eV at room temperature and large exciton
binding energy of 60meV. ZnO is conventionally used as
a substrate for GaN and has advantages over GaN such as
larger exciton binding energy, lower refraction index, and
shallower acceptor levels. Despite its advantages over GaN,
the application of ZnO in optoelectronics is hampered by
the lack of stable p-type doping due to self-compensation by
donor-like native defects, low solubility of p-type dopants,
and formation of deep acceptor levels [1]. The n-type ZnO
is available even without any intentional doping, but it is very
difficult to dope ZnO p-type. Many groups have realized p-
type ZnO conversion by doping group V elements (N [2],
P [3], As [4], and Sb [5]) and groups I and IB (Li [6], Na
[7–9], K [10], Ag [11], and Cu [12]), but the stability was not
good. Among the group V elements, N is the most suitable
dopant because it has about the same ionic radius as O
and thus should readily be substituted on O sites. Indeed, it
remains difficult to achieve good quality p-type conduction
in N-doped ZnO due to either a low dopant solubility or a
high defect ionization energy. Theoretically, group I element
substituted on Zn sites is shallow acceptors [13], but instead
these dopants tend to occupy the interstitial sites, partly due

to their small atomic radius, and therefore act mainly as
donors. On the other hand, reports of Na-doped p-type ZnO
films are rather poor [14]. Up to now, various methods have
been employed to prepare p-type ZnO including molecular
beam epitaxy (MBE) [15], chemical vapor deposition [16],
and pulsed laser deposition [17], in which complicated, high
temperature deposition and expensive vacuum systems have
been employed. In contrast, the hydrothermal method was
proven to be an ideal technique for the development of p-
type ZnO films owing to its simplicity and easy control of the
composition at low cost [18–20]. To date, there is no report
of Na doping of p-type ZnO nanorods by a hydrothermal
method. Here, we report a simple, reliable, and low-cost
method for growing and doping p-type ZnO nanorod arrays
in aqueous solution, with Na as the p-type dopant.

2. Experimental Section

A high-resistance Si (100) wafer, the resistivity of which is
above 500Ω cm, was used as the substrate. Precleaned silicon
substrate was coated with a ZnO seed layer by sol-gel spin
coating. Zn(AC)

2
⋅2H
2
Owere first dissolved in the mixture of

2-methoxyethanol and monoethanolamine. The molar ratio
of monoethanolamine to Zn(AC)

2
⋅2H
2
O was maintained at

1 : 1 and the concentration of Zn(AC)
2
⋅2H
2
O was 75mM.

The sol was aged for 24 h at room temperature. The above
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Figure 1: XRD patterns of the samples with 𝑛Na/𝑛Zn of (a) 0, (b) 2.8,
(c) 5.6, (d) 8.4, and (e) 11.2.

solution was then spin-coated at 500 rpm for 15 s and then
at 5000 rpm for 60 s, followed by drying at 120∘C for 15min.
The procedure from coating to drying was repeated five times
before the substrates were placed into a 360∘C tube furnace
in air for 20min to form ZnO seed layer, evaporate the
solvent, and remove any organic residue. Subsequently, ZnO
nanorod arrays were grown directly by placing the substrate
at the bottom of the beaker in 20mL of aqueous solution of
12.5mM Zn(AC)

2
⋅2H
2
O, 12.5mM hexamethylenetetramine

(HMTA, C
6
H
12
N
4
), and different amounts of NaCl in a

50mL autoclave. Different Na doping levels were obtained by
varying the molar ratio of Na/Zn (𝑛Na/𝑛Zn) (0, 2.8, 5.6, 8.4,
and 11.2) in the precursor solution. Finally the autoclave was
sealed and heated at 95∘C for 2 h. Subsequently, the samples
are washed with deionized water for several times to remove
the residual salt and amino complex and dried in a flow of
nitrogen gas.

PowderX-ray diffraction (XRD) analyseswere performed
on a Philips PW-1830 X-ray diffractometer with Cu K𝛼
irradiation (𝜆 = 1.5406 Å) at a scanning speed of 0.014∘/sec
over the 2𝜃 range of 30–40∘. The electronic morphology
of the samples was examined by Hitachi S-4800 scanning
electron microscope (SEM). The electrical properties were
characterized by a Hall effect measurement system. Photo-
luminescence and Raman spectra of samples on Si substrate
were recorded using Jobin-Yvon Lab-Ram high-resolution
spectrometer with He-Cd laser (𝜆 = 325 nm).

3. Results and Discussion

XRD patterns of the hydrothermally grown samples were
shown in Figure 1. The strong peak corresponding to ZnO
(002) is observed in each film, which indicates high 𝑐-axis
oriented in all samples. It can be seen that the diffraction
peak shows an obvious shift to a smaller angle of about 34.56,
34.52, 34.50, 34.38, and 34.52 for the sample with 𝑛Na/𝑛Zn of
0, 2.8, 5.6, 8.4, and 11.2, respectively. This demonstrates that
Na doping increases the lattice constant as a result of larger

Table 1: Electrical properties of ZnO films at room temperature.

nNa/nZn
Carrier
type

Mobility
(cm2 v−1 s−1)

Carrier
concentration

(cm−3)
0 n 40 1.4 × 1016

2.8 p 106 3.1 × 1016

5.6 p 41.9 1.7 × 1017

8.4 p 99.4 6.5 × 1016

11.2 n 10.4 4.3 × 1016

Table 2: Electrical properties of Na-doped ZnO films by different
processes.

Material Mobility
(cm2 v−1 s−1)

Carrier concentration
(cm−3) References

ZnO:Na 1.41 5.19 × 1016 [9]
ZnO:Na 0.138–0.676 6.90 × 1016–2.16 × 1017 [21]
ZnO:Na 0.22 5.3 × 1016 [22]
ZnO:Na 0.43 2.5 × 1017 [23]
ZnO:Na 0.402 1.81 × 1015 [24]
ZnO:Na
nanowires 2.1 1.3 × 1016 [7]

ZnO:Na
nanorod arrays 41.9–106 3.1 × 1016–1.7 × 1017 Our work

ionic radius of Na+ (0.089 nm) compared with that of Zn2+
(0.070 nm) [8].

Figure 2 shows the surface morphologies of samples
grown by simple aqueous solution approach on Si substrates.
The nanorods are vertically well-aligned on the substrate
surface. The diameter and length of pure ZnO are in the
range of around 30 nm and 754 nm, respectively. Figure 3
shows a plot of diameter and length of ZnO nanorod arrays
as functions of 𝑛Na/𝑛Zn. With the increase of 𝑛Na/𝑛Zn, the
diameter of ZnO nanorod increased to 50 nm, 60 nm, 70 nm,
and 70 nm, and the length decreased to 150 nm, 112 nm,
98 nm, and 71 nm, respectively.

Table 1 summarizes the electrical properties of ZnO
films. Under Hall effect measurements, the undoped sample
showed n-type conductivity, while the doped sample with
𝑛Na/𝑛Zn of 2.8–8.4 showed p-type conductivity, but when
𝑛Na/𝑛Zn was increased to 11.2, the film showed n-type
conductivity again. In contrast, the electrical properties of
samples with 𝑛Na/𝑛Zn of 2.8–8.4 showed higher mobility
and carrier concentration. Mobility was up to 106 cm2 v−1 s−1
when 𝑛Na/𝑛Zn was 2.8, and the carrier concentration was
1.7 × 10

17 cm−3 when 𝑛Na/𝑛Zn was 5.6. Mobility and carrier
concentration were significantly improved by doping. We
think this is due to the right amount of Na ions in the Zn
lattice sites acting as acceptors, compensation Zni, and VO
intrinsic donor defects in the lattice.Most of theNa+ occupies
the lattice position, and the lattice expansion is small. The
above XRD analysis further illustrates the rationality of our
analysis. Electrical properties of Na-doped ZnO films by
different processes are shown in Table 2. It can be seen that
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Figure 2: SEM images of the samples with 𝑛Na/𝑛Zn of (a, b) 0, (c) 2.8, (d) 5.6, (e) 8.4, and (f) 11.2. All the scale bars are 500 nm.

Na-doped nanorod arrays in this study showed excellent
electrical properties.

Usually, PL spectra of ZnO at room temperature were
composed of a near band edge UV emission peak at around
375 nm and a deep level green emission peak at 450–
550 nm. Researchers generally believe that the near band
edge UV emission peak was caused by the recombination
luminescence of the band edge exciton, while the deep level
green emission peak was caused by the recombination of the
defects such asO vacancy and Zn interstitial. Strong excitonic
emission at 375 nm was observed, as shown in Figure 4. The
UV emission was so strong, which indicates that all the 1D

ZnO arrays were of high UV emission efficiency and that the
green emission could hardly be observed in the PL spectrum,
indicating that the crystalline quality of ZnO was high and
lattice oxygen vacancy concentration is very low.

Figure 5 shows the doped samples before and after 325 nm
excitation of Raman spectra. Raman spectra can be sensitive
to detect the crystallization of the material and the defect
state. UndopedAl (LO)mode peak at 578.1 cm−1 corresponds
to the El longitudinal optical phonon (LO) mode. When
the molar ratio of Na and Zn was 2.8, 5.6, 7.8, and 11.2,
the peak position was at 577.3 cm−1, 574.9 cm−1, 574.2 cm−1,
and 575.8 cm−1, which moved 0.8 cm−1, 3.2 cm−1, 3.9 cm−1,
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Figure 4: PL spectrum of the samples with 𝑛Na/𝑛Zn of (a) 0, (b) 2.8,
(c) 5.6, (d) 8.4, and (e) 11.2.
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Figure 5: Raman spectra of the samples with 𝑛Na/𝑛Zn of (a) 0, (b)
2.8, (c) 5.6, (d) 8.4, and (e) 11.2.

and 2.3 cm−1, respectively. We observed that the peaks move
to lower frequency, because this peak and the oxygen atom

vacancies and zinc atoms interstitial related to its move
reflect the changes in the concentration of free carriers in
the ZnO crystal. So the concentration of free carriers in
the ZnO crystals doped Na changed, and when the doping
concentration of Al (LO) peak of the amount of movement
is also different, this also shows the degree of change of free
carrier concentration to be different.

4. Conclusion

In summary, Na-doped ZnO nanorod arrays with high
crystalline quality were successfully fabricated on Si substrate
by a simple hydrothermal method for the first time. With the
increase of 𝑛Na/𝑛Zn, the diameter of ZnO nanorod gradually
increased from 30 nm to 70 nm, and the length decreased
from754 nm to 71 nm. Structural, electrical, and optical prop-
erties were investigated. The p-type carrier concentrations
and mobility of Na-doped ZnO nanorod arrays arranged
from 3.1 × 1016 cm−3 to 1.7 × 1017 cm−3 and 41.9 cm2 v−1 s−1
to 106 cm2 v−1 s−1, respectively.

Competing Interests

The authors declare that there are no competing interests
regarding the publication of this paper.

Acknowledgments

This study is supported by the National Natural Science
Foundation of China (no. 51402252) and the Natural Science
Foundation of Jiangsu Province (no. BK20140463).

References

[1] Y. X. Liu, H. L. Zhang, Z. X. Zhang, Y. Z. Xie, and E. Q. Xie,
“Conversion of p-type to n-type conductivity in undoped ZnO
films by increasing operating temperature,” Applied Surface
Science, vol. 257, no. 4, pp. 1236–1238, 2010.

[2] M. Ding, D. X. Zhao, B. Yao, B. H. Li, Z. Zhang, and D. Shen,
“The p-type ZnO film realized by a hydrothermal treatment
method,” Applied Physics Letters, vol. 98, no. 6, Article ID
062102, 2011.

[3] Y. T. Shih, J. F. Chien, M. J. Chen, J. R. Yang, and M. Shiojiri,
“P-type ZnO:P films fabricated by atomic layer deposition and
thermal processing,” Journal of the Electrochemical Society, vol.
158, no. 5, pp. H516–H520, 2011.

[4] V. Vaithianathan, B.-T. Lee, and S. S. Kim, “Preparation of As-
doped p-type ZnOfilms using a Zn

3
As
2
ZnO target with pulsed

laser deposition,” Applied Physics Letters, vol. 86, no. 6, Article
ID 062101, 2005.

[5] F. Friedrich, I. Sieber, C. Klimm, M. Klaus, C. Genzel, and N.
H. Nickel, “Sb-doping of ZnO: phase segregation and its impact
on p-type doping,”Applied Physics Letters, vol. 98, no. 13, Article
ID 131902, 2011.

[6] Y. J. Zeng, Z. Z. Ye, W. Z. Xu et al., “Dopant source choice for
formation of p-type ZnO: Li acceptor,” Applied Physics Letters,
vol. 88, no. 6, Article ID 062107, 2006.

[7] W. Liu, F. X. Xiu, K. H. Sun et al., “Na-doped p-type ZnO
microwires,” Journal of the American Chemical Society, vol. 132,
no. 8, pp. 2498–2499, 2010.



Journal of Nanomaterials 5

[8] L. Q. Zhang, Y. Z. Zhang, Z. Z. Ye et al., “The fabrication of Na
doped p-type Zn

1−−𝑥
Mg
𝑥
O films by pulsed laser deposition,”

Applied Physics A: Materials Science and Processing, vol. 106, no.
1, pp. 191–196, 2012.

[9] Y. Li, Y. Z. Zhang,H. P.He, Z. Z. Ye, J. Jiang, and L. Cao, “Growth
ofNa doped p-type non-polar a-plane ZnOfilms by pulsed laser
deposition,”Materials Letters, vol. 76, pp. 81–83, 2012.

[10] M. K. Gupta, N. Sinha, and B. Kumar, “p-type K-doped ZnO
nanorods for optoelectronic applications,” Journal of Applied
Physics, vol. 109, no. 8, Article ID 083532, 2011.

[11] M.A.Myers, J. H. Lee, Z. X. Bi, andH. Y.Wang, “High quality p-
type Ag-doped ZnO thin films achieved under elevated growth
temperatures,” Journal of Physics-Condensed Matter, vol. 24, no.
22, Article ID 229501, 2012.
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Graphene-based nanocomposites attract many attentions because of holding promise for many applications. In this work,
multishelled NiO hollow spheres decorated by graphene nanosheets nanocomposite are successfully fabricated. The multishelled
NiO microspheres are uniformly distributed on the surface of graphene, which is helpful for preventing aggregation of as-
reduced graphene sheets. Furthermore, the NiO/graphene nanocomposite shows much higher electrochemical performance with
a reversible capacity of 261.5mAh g−1 at a current density of 200mAg−1 after 100 cycles tripled compared with that of pristine
multishelled NiO hollow spheres, implying the potential application in modern science and technology.

1. Introduction

With the rapid development of the global economy, fast
depletion of nonrenewable energy, and the increasing envi-
ronmental problems, it is urgent to develop new clean and
sustainable sources and technologies for energy storage and
conversion with high efficiency [1–3]. Rechargeable lithium-
ion batteries (LIBs) are a promising one for the upcoming
demand such as electric vehicles and grid storage systems
because of their high energy density, long lifespan, and
environmental benignancy.

As one of the special structures of carbon, graphene has
initiated enormous scientific activities, with the honeycomb
lattice structure, unique structural features of chemical sta-
bility, high surface area, flexibility, and superior electric and
thermal conductivity. It has been used as ideal building blocks
for energy storage systems with improved electrochemical
properties compared with these host materials, such asmetal,
metal oxide, and sulfide [4, 5]. To further explore the potential
application of graphene-based nanomaterials, deriving from

the decoration of graphene nanosheets (GNS) with nano-
materials attracts more and more interest. So far, several
graphene-based nanocomposites have been successfully fab-
ricated and show desirable combinations of properties that
are not found in individual components [6, 7].

Nickel oxide (NiO) is one of prospective anode materials
in li-ion battery (LIB), which possesses the advantages of high
theoretical capacity (717mAh g−1), high natural abundance,
nontoxicity, low cost, and environmental benignity [8–11].
However, the practical utilization of NiO is still limited owing
to its poor cycling and rate performances of the NiO-based
LIBs. Several strategies have been undertaken to enhance
the performance of NiO electrode materials. One well-
establishedmethod is constructing hybrid withGNS. Various
structures of NiO/GNS, such as porous NiO-wrapped GNS
[12], 3D-hierarchical NiO/GNS [13], and graphene anchored
with nickel nanoparticles [14], have been prepared, revealing
that the NiO/GNS nanocomposite reinforces the properties
of pristine NiO which favors their wide application in LIBs.
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Figure 1: Illustration of the procedures for preparation of NiO/graphene hierarchical structure.

In this work, we report the solvothermal method for the
synthesis ofmultishelledNiOhollow spheres/GNSnanocom-
posite, in which the multishelled NiO hollow spheres are
wrapped by GNS.This hybrid architecture is found to display
much improved electrochemical properties by comparison to
that of pristine multishelled NiO hollow microspheres.

2. Experimental

The composite was prepared by the solvothermal method.
3mL graphite oxide (6mol L−1) was ultrasonically dispersed
in 30mL of deionized water and then 1 g of Ni(NO)

3

⋅6H
2

O
and 1 g of D-glucose were added, adjusting the pH to 10.90
with NH

3

⋅H
2

O, using a pH meter and magnetic stirrer to
form a homogeneous solution at room temperature. The
solution was then transferred into a Teflon-lined stainless
steel autoclave (50mL), sealed, and heated at 150∘C for
15 h. The product was collected by centrifugation, washed
with deionized water several times to remove impurity, and
then dried at 60∘C in vacuum. Finally, the NiO/graphene
was obtained by calcining the precursor in N

2

at 300∘C
for 2 h and then in air at 500∘C for 2 h. For comparison,
the multishelled NiO spheres were prepared by a similar
solution-based method and subsequent calcination with the
absence of graphene oxide (GO).

The crystallographic structures, morphology, and micro-
structure of the as-prepared products were characterized by
Bruker D8 Focus X-ray powder diffractometer with using
Cu K

𝛼

(𝜆 = 1.5406 Å) radiation over a range of 2𝜃 from
20∘ to 90∘, FEI Quanta 200F microscope field emission
scanning electron microscope (FESEM), and Tecnai G2 F20
Field emission transmission electronmicroscopy (TEM)with
accelerating voltage of 200 kV. Raman measurements were
recorded on Laser Confocal Micro-Raman Spectroscopy
(LabRAM Aramis).

Electrochemical measurements were conducted using a
CR-2032-coin type cell configuration. The electrode mate-
rials are a slurry consisting of 80wt% of electrode mate-
rials, 10 wt% of acetylene black (Super-P), and 10wt% of
polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-
pyrrolidinone.They were coated onto a copper foil and dried
at 100∘C in vacuum for 12 h before pressing. Lithium foil
was used as the counter and reference electrodes and the
polypropylene foil (Celgard 2400) was used as the separator.
The electrolyte was 1M LiPF

6

dissolved in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) (v/v
= 1 : 1). Galvanostatic discharge-charge (GDC) experiments
were carried out at different current densities in the voltage

range of 0.01–3.00V with a multichannel battery tester
(Maccor, Inc., USA). Cycling and rate performances were
measured by the electrochemical workstation (LANDbattery
test system).

3. Results and Discussion

A schematic illustration of the fabrication process of NiO/
graphene composite is shown in Figure 1. Graphite oxide
(GO) was sonicated in di-water to form a homogeneous
suspension. Then, the GO nanosheets absorb Ni2+ ions,
which react with OH− to grow Ni(OH)

2

architectures on GO
nanosheets. Here, OH− were released by NH

3

⋅H
2

O, which
can also control themorphology of theNi(OH)

2

architectures.
The formation of Ni(OH)

2

fromNi2+ ions and NH
3

⋅H
2

O can
be expressed by the following reactions:

Ni2+ + 𝑥NH
3

⋅H
2

O → [Ni (NH
3

)

𝑥

]

2+

+ 6H
2

O (1)

[Ni (NH
3

)

𝑥

]

2+

→ Ni2+ + 𝑥 (NH
3

)
(2)

NH
3

⋅H
2

O → NH
4

+

+OH− (3)

Ni2+ + 2OH− → Ni (OH)
2

(4)

During the calcination, Ni(OH)
2

decomposed to yield
multishelled NiO hollow spheres following Ni(OH)

2

→

NiO + H
2

O, and GO nanosheets reduced to graphene by
losing oxygen-containing surface groups [15, 16]. So the
Ni(OH)

2

/GO precursor converted to NiO/GNS composites
after annealing.The pristinemultishelledNiO hollow spheres
would be obtained without GO during the similar reaction
process, which were discussed in our previous paper [17].

The XRD patterns of NiO and NiO/GNS composite are
shown in Figure 2(a). All of the diffraction peaks of pure NiO
sample can be ascribed to face centered cubic NiO (JCPDS
number 071-1179), which correspond to (111), (200), (220),
(311), and (222) planes, respectively. All the characteristic
peaks of pureNiO are also observed forNiO/GNS composite.
(002) diffraction peak of GNS is typically located at about
24∘ in the XRD pattern, but it is not obvious in Figure 2(a).
Because the content of graphene is low and the diffraction
of disorderedly stacked GNS is quite weaker as compared
to the well-crystalline NiO, the presence of graphene can be
confirmed in the Raman spectra of NiO/GNS, as shown in
Figure 2(b), where the G characteristic peaks of graphene are
obvious, though the D peak located at ∼1350 cm−1 is invisible.

The morphology of pristine NiO and NiO/GNS compos-
ite is compared by SEM and TEM. Pure NiO is composed of
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Figure 2: (a) X-ray diffraction patterns and (b) Raman spectra for pristine NiO and NiO/graphene composite.
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Figure 3: SEM images of pristine multishelled NiO spheres (a), NiO/graphene (b), TEM images of NiO/graphene (c), and HRTEM pattern
of multishelled NiO spheres (d).

multishelled spheres as shown in Figure 3(a). The NiO/GNS
are composed of typical rippled and crumpled GNS and
multishelled NiO spheres (Figure 3(b)). It can be clearly
seen that the multishelled NiO microspheres with diameter
varying from 2.0 𝜇m to 3.5 𝜇m are uniformly distributed on

the surface of GNS. The hybrid architecture can effectively
prevent the agglomeration of as-reduced GNS. The inset
of Figure 3(b) is the multishelled NiO sphere on the GNS
which demonstrates that the multishelled NiO spheres do
not change after the addition of graphene. Figure 3(c) shows
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Figure 4: (a) Capacity retention and Coulombic efficiency at a current density of 200mAg−1. (b) Rate performance at various current
densities between 100mAg−1 and 1A g−1.

the TEM image of NiO/GNS which further confirms the
multishelled sphere feature of NiO. The HRTEM pattern
of multishelled NiO sphere is presented in Figure 3(d).
The lattice spacing of 0.15, 0.2, and 0.24 nm is observed,
corresponding to the interspaces of (220), (200) and (111), and
(200) planes of cubic NiO.

The electrochemical properties of NiO/GNS composite
were evaluated as anode for lithium-ion batteries (LIBs).
Figure 4 displays the cycling and rate performances of
NiO/GNS composite and pristine NiO. The initial discharge
capacities are ∼1100mAh g−1 as shown in Figure 4(a). It
is much higher than the theoretical value (718mAh g−1),
mainly attributed to the solid electrolyte interphase (SEI)
film formation, and the additional Li+ storage in the space
between NiO spheres and GNS. The reversible capacity of
NiO spheres decreases to 77.1mAh g−1 after 100 cycles. While
the reversible capacity of NiO/GNS composite still can retain
261.5mAh g−1 after 100 cycles, which ismore than three times
of pristine NiO sphere. The columbic efficiencies increase to
and almost keep stable in the scale of 98-99% at successive
cycles, indicating that the formed SEI film is favorable and
stable [18]. The enhanced cycling performance of NiO/GNS
composite should be ascribed to the addition of graphene
and the hybrid architecture. Firstly, the GNS have much
better conductivity due to the wider layer spacing compared
with NiO. The 𝑑-spacing of GNS was found to be 0.365 nm,
and the maximum 𝑑-spacing of NiO is 0.24 nm ((111) lattice
plane) [19]. Therefore, the GNS can offer additional sites for
accommodation of Li+ leading to the enhanced reversible
capacity. Secondly, the flexible GNS can accommodate the
volume change and prevent the aggregation of active materi-
als upon cycling. Thirdly, the hybrid architecture can also be
helpful for preventing aggregating or restacking of as-reduced
GNS.

Moreover, the NiO/GNS composites also exhibit
enhanced rate capacity compared with pristine NiO spheres,
as presented in Figure 4(b). The discharge capacities
of NiO/GNS at 100mAg−1, 200mAg−1, 400mAg−1,
800mAg−1, and 1 A g−1 are 292.3mAh g−1 (10th cycle),
225.9mAh g−1 (20th cycle), 187.3mAh g−1 (30th cycle),
169.3mAh g−1 (40th cycle), and 166.5mAh g−1 (50th cycle),
respectively. In the initial 10 cycles with a small current
density (100mAg−1), the capacities of pristine NiO and
NiO/GNS composite are comparable, and the pristine NiO
is even a little better than NiO/GNS composite, which may
be caused by the lower capacity of graphene as compared to
NiO [18]. However, the situation reverses when the current
density increases. The enhanced rate capacity could be
reasonably attributed to advantageous combination of the
highly conductive GNS and the favorable multishelled NiO
hollow spheres architecture with large specific surface area
and open inner cavity, which can facilitate the rapid diffusion
of lithium ions from electrolyte to active material.

As shown in Figure 4(b), the capacity dropped dramati-
cally from ∼1100mAh g−1 to a little more than 300mAh g−1
during the first five cycles with a small current density
(100mAg−1). Generally, the capacity lost in the first several
cycles can be attributed to the irreversible reactions involved
in the formation of the SEI layer. In addition, the formation
and stabilization of the SEI layer are a gradual process,
so that stable capacity also requires a process, which has
been described in many works [20, 21]. It is also probably
caused by large theoretical capacity difference between NiO
(717mAh g−1) and graphene (372mAh g−1). During the first
several cycles, the synergy effect between NiO and graphene
does not play well during the lithiation and delithiation
process; therefore, the NiO and graphene do not serve well in
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terms of improving and stabilizing capacity. So the dropped
capacity is due to the formation of SEI layer and the capacity
difference in the first several cycles.

The NiO/GNS composite demonstrates improved elec-
trochemical performance, which could be due to several
reasons. Firstly, the wider GNS can offer additional sites for
the accommodation of Li+ compared with NiO. Moreover,
the well-contact GNS and multishelled NiO hollow spheres
can facilitate the continuous and rapid conducting pass way
of Li+, which are beneficial for enhancing specific capacity
and rate performance of the active materials. Secondly, GNS
are anticipated to prevent the collapse and aggregation of the
active materials upon cycling, which brings about excellent
cycling stability. Vice versa, the hybrid architecture can also
be helpful for preventing aggregating ofGNS [12].Thirdly, the
large specific surface area and open inner cavity of GNS and
the favorable multishelled NiO hollow spheres architecture
can provide sufficient electrode/electrolyte contact areas and
facilitate the continuous and rapid electron transport through
the electrodes, resulting in the improved rate performance.

4. Conclusions

In summary, we have successfully fabricated NiO/GNS com-
posite, in which the multishelled NiO microspheres are
uniformly distributed on the surface of GNS. The composite
shows much enhanced cycling stability and capacity com-
pared with the pristine multishelled NiO hollow spheres,
when evaluated as the anode materials in LIBs. The superior
performance in LIBs originates from the addition of GNS
and the sandwich-like architecture, which can facilitate the
continuous and rapid electron transport and prevent the
collapse of nanostructures and aggregation of the active
materials. The strategies described here could offer an effec-
tive method to improve the electrochemical performance of
other electrode materials with large volume changes and low
electrical conductivities.
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A lanthanide coordination polymers (CPs) nanostructure (1) has been synthesized via a facile template-free solvothermal strategy
usingDMF as solvent and 2-methyl benzoic acid (2-MeBAH) as ligands.The products are characterized by powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), elemental analyses (EA), and downward luminescence. Product 1 built from
Tb3+ and 2-MeBAH has one-dimensional structure which is connected by trinuclear second building units (SBUs). Downward
luminescence shows that sample 1 exhibits characteristic transitions of the Tb3+ ion at 489, 544, 583, and 621 nm, and the strongest
peak is at 544 nm ascribed to the transition of 5D

4
→
7F
5
of Tb3+.

1. Introduction

Lanthanide coordination polymer (CP) is an important class
of organic-inorganic hybrid materials formed by the coor-
dination of lanthanide ions with organic linkers. They have
shown anumber of promising applications; these applications
are ascribed to the best properties of organic and inorganic
components and decrease their drawbacks by a synergic
effect [1]. In order to get functional lanthanide materials,
appropriate synthetic strategies are critical [2, 3]. Compared
with first-row transition metal ions, lanthanide ions usually
display high coordination number and variable coordination
geometries, and they will make lanthanide ions become
excellent spacers in assembling fascinating coordination
polymers [4]. As a subset of such materials, lanthanide CPs
continue to attract an escalating attention, owing to their
unique optical, electronic, and magnetic properties [5–7].
In addition, nanosheet materials have been of continuous
research interests in material science, because of their unique
properties in the areas of catalysis, drug delivery, and biosen-
sors. Herein, our group has successfully prepared terbium-
based CP nanosheet aggregates, with downward green-light
emission while excited by violet light.

In modern chemistry and materials science, synthesis
of uniform nanosheet materials with controllable size and
well-defined morphologies remains a research focus due to
their superior properties of large specific area, low effective
density, and good permeation [8]. Thereby, hollow spherical
materials constructed by the nanosheet possess widespread
potential applications in various fields, including catalysts,
adsorbents, photonic devices, sensors, drug-delivery carri-
ers, disease diagnosis agents, waste removal, and chemical
reactors [9]. In recent years, a variety of synthetic routes
have been developed for the preparation of hollow spheres
[10, 11] such as solvothermal method, hydrothermal method,
precipitation method, spray pyrolysis method, and template-
assisted method. Generally, the solvothermal method is used
widely, because the solvent controlling effect is versatile.

As well known, lanthanide coordination polymers have
been widely applied in luminescent devices [12, 13]. However,
compared with other morphologies of sphere, nanorod, and
nanotube, the nanosheet of rare earth coordination polymers
which are constructed into aggregates of hollow spheres
morphologies has received much attention. Apart from pos-
sessing a collection of advantages, such as low weight and
saving materials and costs, hollow sphere optical materials
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Figure 1: SEM images of sample 1.

also display better luminescent properties than other solid
materials.

So far, there have been many researches of organic
hollow sphere structures fabrication reported.However, there
have been few inorganic nanostructures constructed by the
nanosheet [8]. In this paper, we report a general one-pot low-
cost solvothermal method for preparation of Tb3+-based CP
nanosheet and construction into aggregates of hollowmicro-
spheres (1), using Tb3+ as metal center and 2-methyl benzoic
acid (2-MeBAH) as ligand. The formation of nanosheet and
spherical hollow structures is unusual since no templates or
surfactant is intentionally used during the synthetic process.
The downward luminescence of 1 was investigated in detail.

2. Experimental Section

Tb
4
O
7
was bought from Ganzhou Kemingrui Rare Earth

Company (Ganzhou, China). 2-MeBAHwas purchased from
Aladdin Company (Shanghai, China) and used as received.
TbCl
3
⋅6H
2
Owas prepared by dissolving Tb

4
O
7
(99.9%) with

concentrated HCl
3
and then evaporated at 100∘C until the

crystal film formed. Other reagents were from Guangzhou
Chemical Reagent Factory (AR,Guangzhou,China) andused
without further purification.

In a typical process, Tb3+-based CP nanosheet and its
aggregates of hollow microspheres were prepared as follows:
an aqueous solution of 2-MeBAH (0.1 g in 25mL) was added
with a 0.1M NaOH solution to adjust the ligand solution at
pH = 6, in a stoichiometric amount to yield the sodium salt
in situ. The resulting solution was added dropwise to a 10mL
0.1 g TbCl

3
DMF solution (100∘C). All the ligand solution

was added to the salt solution in an hour and resulted in a
white precipitate. The solid was separated by centrifugation,
then washed with water and ethanol, and dried in vacuum
desiccator for several days.

Powder X-ray diffraction (PXRD) was carried out using
a Rigaku X-ray diffractometer with Cu-K𝛼 radiation (𝜆 =
1.54178 Å). Scanning electron microscopy (SEM) was per-
formed on a Hitachi S-3400. Elemental analysis (EA, C
and H) was performed on an EA3000 elemental analyzer.
Downconversion luminescence spectrum was recorded on
an FLS 980 (Edinburgh Instruments, UK) at room tempera-
ture.

3. Results and Discussion

SEM was utilized to characterize the morphology and struc-
ture of as-prepared samples. As presented in Figure 1(a),
it can be seen that sample 1 consists of well aggregated
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Figure 2: PXRD of simulated and bulk sample 1.
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Figure 3: The 1D structure of 1 constructed by trinuclear SBUs.

nanosheet, and the aggregated nanosheet forms uniform
ball-like structure (Figure 1(b)). Enlargement of the ball-like
structure shows that the aggregate units of nanosheets are
uniform,with a smooth surface and anarrow size distribution
in 50–70 nm (Figure 1(c)).

PXRD of bulk sample 1 in Figure 2 shows evident diffrac-
tion peaks, which means that 1 is a crystalline material. Fur-
ther investigation found that the diffraction peaks compete
well with the data (CCDC: 634372) reported by Busskamp et
al. [14]. The reported result is a lanthanum complex, and in
our result, 1may be a terbium complex; this indicates that 1 is
isostructural to the reported data [14].Thus, it can be deduced
that nanomaterial 1 has the chemical formula of Tb

3
(2-

MeBAH)
9
(DMF)

3
. It has one-dimensional polymer structure

(Figure 3), and the one-dimensional structure is connected
by the trinuclear second building unit (SBU, Figure 4); the 1D
structure is connected by hydrogen bond and van der Waals
(VDW) forth to form 3D structure.

Tb
O

N
C

Figure 4: The SBU structure of material 1.

The elemental analysis of 1 reveals that C is 51.17% and
H is 4.151%, which is consistent with the calculated results
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Figure 5: The SEM of different weight ratio of Tb3+ to ligand: (a) Tb3+/ligand = 1 : 3; (b) Tb3+/ligand = 3 : 1.
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Figure 6: Downconversion luminescence spectrum of 1.

well (C, 50.94; H, 4.220). This further confirms that bulk
nanomaterial really has structure as depicted in Figures 3 and
4 and has themolecular formula of Tb

3
(2-MeBAH)

9
(DMF)

3
.

In order to reveal the factors influencing the formation
and morphology of the hollow spheres of 1, controlled
experiments were carefully performed [15]. As shown by the
SEM images in Figure 5, when the weight ratio of Tb3+ to
ligand is 1 : 3, it is found that almost all the products are
microrods, and when the weight ratio is 3 : 1, the product is
ruleless ball-like structure.

Due to the unique properties of rare earth elements, the
downward luminescent property of sample 1was determined
at the excitation wavelength of 320 nm under ambient tem-
perature. Sample 1 exhibits characteristic transitions of the
Tb3+ ion at 489, 544, 583, and 621 nm, corresponding to the
transitions of 5D

4
→
7F
6
, 5D
4
→
7F
5
, 5D
4
→
7F
4
, and

5D
4
→
7F
3
, respectively (Figure 6) [16–19]. The strongest

peak is ascribed to the transition of 5D
4
→
7F
5
[4, 20–22].

The ligand is at the excited 1𝜋𝜋∗ state after the simultaneous
absorption of one photon and then transfers to the excited
3
𝜋𝜋
∗ state through intersystem crossing (ISC), after that, the

energy transfer (ET) to 5D
4
state of Tb3+, and luminescence

is generated by the 5D
4
-7F
𝑗
(𝑗 = 6, 5, 4 and 3) transi-

tions.

4. Conclusions

Lanthanide CPs nanosheet aggregates have been synthesized
via a facile template-free solvothermal strategy using DMF as
a solvent and 2-MeBAH as ligand. The products were char-
acterized by PXRD, SEM, EA, and downward luminescence.
The downward luminescence of product 1 built from Tb3+
and 2-MeBAH has one-dimensional structure connected by
trinuclear SBU. Downward luminescence shows that sample
1 exhibits characteristic transitions of 5D

4
-7F
𝑗
(𝑗 = 6, 5, 4

and 3) for Tb3+ at 489, 544, 583, and 621 nm, respectively, and
the strongest peak is at 544 nm ascribed to the transition of
5D
4
→
7F
5
.
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