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ABSTRACT: Flexible free-standing CuO nanosheets (NSs)/
reduced graphene oxide (r-GO) hybrid lamellar paper was
fabricated through vacuum filtration and hydrothermal reduction
processes. A unique three-dimensional nanoporous network was
achieved with CuO NSs homogeneously embedded within the r-
GO layers. This hybrid lamellar composite paper was examined
as a binder-free anode for lithium ion batteries, and demonstrated
excellent cyclic retention with the specific capacity of 736.8 mA h
&

the pristine CuO NSs and 60.2 mA h g™ of r-GO film at the
same current density of 67 mA g~'. The high capacitance and
excellent cycling performance were generated from the integrated
nanoporous structure compose of CuO NSs spaced r-GO layers,
which offered an efficient electrically conducting channels,
favored electrolyte penetration, and buffered to the volume
variations during the lithiation and delithiation process. These
outstanding electrochemical capabilities of CuO NSs/r-GO paper
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holds great promise for flexible binder-free anode for lithium ion batteries.
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1. INTRODUCTION

Because of the great demands for lithium-ion batteries (LIBs)
and supercapacitor-based energy storage devices, tremendous
effort has been paid to thin, flexible, and environmentally
friendly energy storage devices.' > Recently, high-performance
flexible electrodes with excellent mechanical properties have
drawn great attentions in portable electronics.”® Besides
conducting polymers, various carbon-based nanomaterials
including carbon nanotubes, activated carbon, and carbon
fibers are employed to construct thin and flexible electro-
des. 51! Recently, graphene has been developed as a novel
flexible electrodes in Li-ion batteries due to its unique structure,
excellent mechanical properties and high electrical conductiv-
ity.">""* However, aggregation between reduced-graphene
oxide (r-GO) sheets due to the strong van der Waals attraction
can severely reduce the effective specific surface area and
resulted a capacity of only 100 mA h g™!
batteries.”"> This is hard for high-performance energy storage
devices.”"> To improve the capacity, researchers have explored
various methods to construct paperlike flexible electrodes by
introducing an electrochemically active component, which has

higher capacity and stable cycle ability into the graphene.'®'”

as an anode in Li-ion
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These sandwiched structures can provide short transport length
for both lithium ions and electrons because of the porous
nature that accommodates volume change and favors electro-
lyte penetration. Besides, the nice electrical conductivity of
graphene is beneficial to enhancing the capacitance and cycling
performance.'®?° Flexible Sn0O,/r-GO nanocomposites
paper,"* MoO;/r-GO hybrid films,”' and TiO,/r-GO hybrid
paper’ as LIBs anode materials have been reported.

CuO is low cost, nontoxic, and abundant and has high
theoretical capacity (674 mA h g™'), suggesting it is a promising
anode alternative material for LIBs.”>*> However, similar to the
other transition metal oxide anodes, the poor electronic
conductivity of CuO leads to the poor stability of repetitive
cycling. Current studies have been mainly focused on increasing
the electronic conductivity of the electrodes by adding
conductive carbon materials.”*** Recently, our group reported
CuO nanowire/CNT interpenetrating networks demonstrated
a much higher electrochemical performance than that of pure
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CuO nanowires for LIBs. The CNTs play dual functions in
enhancing electronic conductivity and similar to elastic buffer
absorbing stress induced by volume expansion.”® Mai et al.”’
also found that CuO nanoparticles/r-GO composite showed
better reversible capacity and cyclic performance than the CuO.
They explained that the r-GO sheets constructed a conducting
network for the fast electron transfer between the active
materials and charge collector. In addition, the porous structure
could serve as buffers to prevent the decomposition of the
active materials due to the volume expansion/contraction
during discharge/charge processes. However, binder-free CuO/
r-GO paper anode for LIBs has been rarely reported. Here, we
fabricated a flexible free-standing CuO NSs/r-GO nanoporous
network paper by simple filtration combined with a hydro-
thermal reduction process. This flexible CuO NSs/r-GO paper
were served as binder-free anode for LIBs with capacity of
736.8 mA h g_l, which is 3.3 times higher than 219.1 mA h g_1
of pristine CuO NSs after 50 cycles at a rate of 67 mA h g™".
This capacity is also much higher than the previous reported
576 mA h ¢! of CuO nanowire/CNT and 4254 mA h §_1 for
CuO nanoparticle/r-GO under similar test conditions.”**” The
flexible free-standing CuO NSs/r-GO paper is expected in
fabricating binder-free flexible anodes for LIBs.

2. EXPERIMENTAL SECTION

2.1. Materials. Copper nitrate (Cu(NO;),2.5H,0) and amino-
ethanol (NH,CH,CH,0H) (AE) were received from Sigma-Aldrich
without further purification before used. Graphite powder (99.95%)
was obtained from Aladdin. Polycarbonate (PC) membrane (What-
man) with pore size of 200 nm, and effective diameters of 19 mm were
used for the preparation of the composite paper by vacuum filtration.
Millipore Direct-Q_System produced 18.2 MQ deionized water was
used throughout the experiments.

2.2. Synthesis of CuO NSs and GO. The CuO NSs were
synthesized by mixing a certain volume 2 mM Cu(NO;), aqueous
solution with an equal volume of 1.6 mM AE aqueous solution with
stirring for 1 min, then aging at a constant temperature of 25 °C for 24
h>>*® GO was prepared from graphite powder according to the
modified Hummers' method.*”*° Then GO was exfoliated in distilled
water with a concentration of 0.2 mg/mL. The pH of the suspension
was adjusted close to 6.2 using NaOH and HCI solutions.

2.3. Synthesis of CuO NSs/r-GO Papers. For a typical
preparation of CuO NSs/r-GO composite, a certain amount of GO
suspension was mixed with the prepared CuO NSs colloidal solution
under vigorous stirring. Positively charged CuO NSs were quickly
assembled with negatively charged GO sheets. A flocculent suspension
was formed after a few minutes. Flexible CuO NSs/GO sandwich-like
lamellar paper was fabricated by filtering the above flocculent
suspension on a PC support using a SIBATA filtration system. After
peeling from the PC, the obtained free-standing CuO NSs/GO paper
was hydrothermal reduced by placing into a SO mL Teflon-sealed
autoclave with 30 mL of water and heated to 180 °C for 10 h.>” After
that, the paper was washed with ethanol and distilled water several
times before drying at 60 °C for 4 h. In this work, three samples with
mass ratios of CuO NSs to GO of 2:1, 1:1, and 1:2 were prepared,
respectively, and named as CuO NSs/r-GO-2-1, CuO NSs/r-GO-1-1,
and CuO NSs/r-GO-1-2. The detailed synthesis is schematically
demonstrated in Scheme 1. The hydrothermal treated CuO NSs and r-
GO were prepared following the same hydrothermal procedure as
applied for CuO NSs/r-GO samples.

2.4. Electrode Preparation and Electrochemical Character-
ization. The free-standing electrodes were tested in coin-type cells to
confirm the initial electrochemical performance. The as-prepared CuO
NSs/r-GO paper (or r-GO paper) was directly used as working
electrode without any binder and carbon black. Li metal foil was used
as the negative electrode. The hydrothermal treated CuO NSs
electrode was prepared by mixing the hydrothermal treated CuO NSs,
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Scheme 1. Schematic of the Synthesis Procedure of CuO
NSs/r-GO Paper
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carbon black, and polyvinylidene fluoride with a mass ratio of 8:1:1,
and pasting onto pure copper foils, then pressed and dried under
vacuum at 60 °C for 12 h. The coin cells were assembled in an argon-
filled glovebox. The electrolyte was a 50:50 (w/w) ethylene carbonate
and diethyl carbonate mixture solution with 1 M LiPF, The
galvanostatic charge—discharge performances of the cells were tested
in the voltage range of 0.01—3.0 V under a constant current density of
67 mA g' (0.1C) by EQ-BST8-WA battery-test system. Cyclic
voltammetry (CV) was recorded by a CHI 660D (Chenhua Shanghai,
China) electrochemical workstation in the voltage range 0.01-3.0 V
with a scan rate of 0.1 mV s™'. Electrochemical impedance
spectroscopy (EIS) results were obtained from a frequency range of
100 kHz to 1 Hz.

2.5. Characterization. Crystal structure information is obtained
by X-ray diffraction (XRD) at room temperature using an X Pert PRO
(PANalytical, Netherlands) instrument with Cu Ka radiation.
Scanning electronic microscopy (SEM) (Hitachi S-4800), transmission
electron microscopy (TEM, Philips CM200) were used to characterize
the morphologies. Further evidence for the composition of the
product was recorded from X-ray photoelectron spectroscopy (XPS),
using an ESCALAB_250Xi X-ray photoelectron spectrometer with Al
Ka X-ray as the excitation source. Raman spectra were conducted on
the Renishaw inVia Raman microscope under the excitation length of
532 nm. The specific surface area was calculated by Brunauer—
Emmett—Teller (BET) method using a Quantachrome Autosorb-1
apparatus.

3. RESULTS AND DISCUSSION

the XRD patterns of the as-prepared CuO NSs/GO and CuO
NSs/r-GO papers are presented in Figure la, respectively. The
patterns obviously consist of two sets of diffraction peaks, all
the asterisk marked peaks match very well with standard CuO
phase (JCPDS standard card no.45—0937). The diffraction
peak at 9.03° of CuO NSs/GO is a typical peak of GO paper
with the interlayer distance of ~0.98 nm.** For CuO NSs/r-
GO, the broadened peak (002) at 23.4°, indicates the successful
reduction of GO and good interaction between the r-GO layers.
Figure 1b shows XPS spectra of CuO NSs/r-GO paper. In the
survey region (0—1200 eV), it is clear that C, O, and Cu
elements coexist in the sample. Figure 1c is the high-resolution
spectrum of Cu. The peaks observed at 933.9 and 953.6 eV are
assigned to Cu2p;/, and Cu2p,;,, which are higher than the
peak positions for Cu (0) metal and are attributed to oxidized
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Figure 1. (a) XRD patterns of CuO NSs/GO and CuO NSs/r-GO paper. XPS spectra of (b) the survey scan, (c) Cu 2p, and (d) C 1s region of the

CuO NSs/r-GO paper.

Cu(I1).*" Additionally, two satellite peaks at 943.8 and 962.4
eV, further confirm that the oxide in the sample are CuO.
Figure 1d displays a high-resolution spectrum of C, it can be
fitted into three peaks at 284.5, 285.8, and 288.2 eV, which are
referred to C—C, C—0O, and C=O vibrations, respec-
tively.”>~>* It is obviously seen that the peak intensity of C—
O and C=O is much weaker than that of C—C, which
indicates that most of the oxygen-containing groups are
removed after hydrothermal treatment.*>?®

Figure 2 shows the Raman spectra of the as-prepared CuO
NSs/GO-1-1 and CuO NSs/r-GO-1-1. The characteristic D

D-band G-band
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Figure 2. Raman spectra of CuO NSs/GO1-1 and CuO NSs/r-GO-1-
1 papers.

and G bands of graphene based materials were observed from
these two composites. In general, the I,/I; reflects the defect
density in graphene planes. After hydrothermal treatment, the
ratio of the intensity of D to G band (Ip/I;) increases from
1.12 to 1.26, suggesting that the reduction of exfoliated GO
introduces more defects into the CuO NSs/r-GO samples.""
Images a and b in Figure 3 display the top-view SEM images
of CuO NSs/GO and CuO NSs/r-GO paper, respectively. It is
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Figure 3. (a, b) Top-view SEM images of the CuO NSs/GO and CuO
NSs/r-GO paper, the inset in b is a digital photograph of CuO NSs/1-
GO paper with diameter of ca. 19 mm. (¢, d) Cross-section SEM
images of the CuO NSs/r-GO paper, which shows good flexibility (the
inset in d). (e, f) TEM images of the CuO NSs/r-GO paper, inset of
(f) is electron diffraction pattern.

clearly observed that the well-dispersed CuO NSs are anchored
onto the both sides of GO and r-GO sheets. The CuO
nanosheets are in size of 300 nm. The inset in Figure 3b shows
CuO NSs/r-GO paper with diameter of ca. 19 mm. From the

dx.doi.org/10.1021/am403136e | ACS Appl. Mater. Interfaces 2013, 5, 9850—9855
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Figure 4. (a) Nitrogen adsorption and desorption isotherms of CuO NSs/r-GO paper and (b) the corresponding pore size distribution plots.
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Figure 5. (a) CV curves of CuO NSs/r-GO at a scan rate of 0.1 mV s™". (b) Charge—discharge curves of the CuO NSs/r-GO-1-1 paper. (c) Cycling
performance of r-GO, CuO, CuO NSs/r-GO-2-1, CuO NSs/rGO-1-1, and CuO NSs/r-GO-1-2 at constant current density of 67 mA g~. (d)
Cycling performance of CuO NSs/r-GO-1-1 at different rates from 0.1 to 5 C.

cross-sectional view, (Figure 3¢, d) in the hybrid CuO NSs/r-
GO paper, CuO NSs are uniformly incorporated between the r-
GO layers, resulting in sandwiched structures. The inset in
Figure 3d shows that the CuO NSs/r-GO paper has good
flexibility. The r-GO layers formed a 3D continuous network,
which function as both a mechanical support and current
collector. Simultaneously, CuO NSs expanded the interlayer
spacing between the r-GO layers and prevented their
agglomeration, which can greatly facilitate electrolyte diffusion
compared with the compactly packed structure. Here, many
additional pores are constructed between the CuO NSs and r-
GO layers, which will facilitate ion diffusivity and provide large
reaction sites on the surface, and is therefore favorable for the
electrochemical process. Figure 3e shows the low-magnification
TEM image of CuO NSs/r-GO composites. CuO NSs are
uniformly distributed on the surface of r-GO sheets. Some
wrinkles and folds are found in rGO sheets (black area in
Figure 3e), which is typical for rGO sheets.”® The high-
magnification TEM image further confirms the good
connection of CuO NSs and r-GO. Several concentric
diffraction rings in selected area electron diffraction pattern
(inset of Figure 3f) recorded on the CuO nanosheets indicate
the CuO nanosheets are polycrystalline.

9853

The N, gas adsorption—desorption isotherms of CuO NSs/r-
GO-1-1 is shown in Figure 4. The BET surface area of it is
532 m? gfl, and much higher than 14.9 m? gf1 of r-GO and
29.5 m? g7! of the hydrothermal treated CuO NSs.** In
addition, the average pore diameter is found nearly 5 nm by the
pore-size distribution analysis (Figure 4b).

The CV curves of CuO NSs/r-GO composite at a scan rate
of 0.1 mV/s is shown in Figure Sa. Three reduction peaks are
observed at 0.73 V, 1.0S and 1.65 V (vs Li*/Li) during the first
discharge cycle. These peaks indicate a multistep electro-
chemical process, including the formation of solid solid-solution
phase with a CuO-type structure, then converting into a Cu,O
phase, and further to Cu; the formation of Li,O; and a solid
electrolyte interphase (SEI) layer generating on the electrode
surface, 36738 During the subsequent charging process, three
anodic peaks located at 1.42, 2.48, and 2.75 V are observed,
which corresponds to the decomposition of the organic layer
and the partial oxidization of copper to the Cu(I) and Cu(II),
respectively.””*® The electrochemical reaction mechanism can
be described as™

CuO + 2Li* + 2¢” © Cu + Li,0

The subsequent CV curves (2nd, third and fourth)
demonstrate that the redox reaction is well reversible. Figure

dx.doi.org/10.1021/am403136e | ACS Appl. Mater. Interfaces 2013, 5, 9850—9855
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5b shows the first, second, fifth and 10th charge/discharge
voltage profiles of the CuO NSs/r-GO nanocomposites paper
at a rate of 0.1 C (C = 670 mA g'). In the first cycle, the
constant slope with several small plateaus indicates a multi-
phase transition between CuO and lithium. The initial
discharge and charge capacities are found to be 854.3 and
782.3 mA h g/, respectively. The irreversible capacity loss may
result from the diverse irreversible processes, such as interfacial
lithium storage, the formation of SEI layer and organic
cond31éct3ige polymer, as well as the electrolyte decomposi-
tion.”™™

To optimize the properties of LIBs, we examined three kinds
of mass ratios of CuO NSs to r-GO, including 2:1, 1:1, and 1:2.
The cycling performance profiles at a rate of 0.1 C are exhibited
in Figure Sc. All of these three components showed the high
initial discharge specific capacity, which are higher than the
theoretical specific capacity of 674 mA h g' based on a
maximum uptake of two Li* per CuQO. This phenomenon was
usually contributed to the formation of a SEI layer, the
reduction of adsorbed impurities on surface of component and
so on. However, the pure CuO nanosheets anode exhibited a
low discharge specific capacity of 219.1 mA h g™" after SO cycles
at a rate of 0.1 C. The above results indicate that the
introduction of r-GO into CuO NSs significantly enhances the
cyclic performance and capacity. Among the three CuO NSs/r-
GO samples with different CuO to r-GO ratios, CuO NSs/r-
GO with mass ratio of 1:1 has the highest retaining discharge
specific capacity of 736.8 mA h g, which is about 3.3 times
higher than that of CuO NSs. This performance is remarkable
compared with the best values reported previously (see Table
1).2*7?7% Considering the electrochemical capacity of r-GO,

Table 1. Comparison of Various CuO/Carbon Materials for
LIBs

current density cycle specific capacity
materials (mA g™) number (mAhgM)
CuO nanoparticles/r- 67 50 425.4%
GO
CuO nanoparticles/r- 50 50 743%*
GO
CuO nanoparticles/r- 120 30 500%¢
GO
CuO NSs/CNT 67 40 57178
CuO nanowire/CNT 67 50 5§76
CuO nanospheres/ 160 S0 5007
CNT
free-standing CuO 67 S0 736.8 (this work)
NSs/r-GO

the cycling performance of r-GO paper as anode was also
tested. The discharge specific capacity stably kept at 60.2 mA h
g~ " after SO cycles. It proves that the discharge specific capacity
retention of CuO NSs/r-GO is mainly contributed by the CuO
NSs. The r-GO plays a significant role in improving the cyclic
stability, due to the excellent electric conductivity and the firm
3D-networks of the r-GO porous structures in the CuO NSs/r-
GO paper. The Coulombic efficiency of CuO NSs/r-GO-1-1 is
shown in Figure Sc. The Coulombic efficiency of the composite
paper at the 67 mA g~ current rates is nearly 100% from the
third cycle to subsequent cycles. Furthermore, we investigated
the relation of different discharge rates with specific capacity for
CuO NSs/r-GO-1-1 from 0.1 to S C and the results are shown
in Figure S5d. After 10 cycles at a rate of 0.1 C, the discharge
specific capacity is still maintained at 697.8 mA g~".This value
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decreases with increasing discharge rate. However, when the
discharge rate recovers to 0.1 C, the discharge specific capacity
still exceeds 698.0 mA g™'. The excellent reversibility reflects its
preeminent stability during electrochemical reaction. And this
also proves that introducing r-GO into CuO NSs to form
sandwiched networks can remarkably increases its electro-
chemical performance. One possible reason for the capacity of
CuO NSs/r-GO-1-1 sample higher than the theoretical values
might be due to the formation of gel-like polymer layer on the
surface of the CuO NSs by electrolyte decomposition as
demonstrated in Co;0, nanostructured anodes.> This gel-like
polymer surface layer possibly would contribute to the
additional lithium storage on its surface in a capacitive way,
and resulting in the observed extra capacity. The incorporation
of r-GO not only increased the surface area of the active
materials but also prevented the decomposition of CuO NSs
during the lithination and delithination process. Then the
contribution coming from the gel-like surface layer is significant
and observable in CuONSs/r-GO-1-1.

Electrochemical impedance spectroscopy (EIS) measure-
ments were employed to deeply understand the electrochemical
performance of the CuO NSs/r-GO paper and the hydro-
thermal treated pure CuO NSs,. The EIS spectra are equivalent
to a circuit. As shown in inset of Figure 6, R in the high

60
—u— CuO NSs
50 —e— CuO NSs/r-GO-1-1
—
£ 40 CPE
= O———

2 30 R s
N X
20 Rc1 ZN . /I)
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Figure 6. Nyquist plots of CuO NSs/r-GO-1-1 paper and hydro-
thermal treated CuO NSs. The inset presents the equivalent circuit
model.

frequency region is related to the ohmic resistance and R is the
charge-transfer resistance, respectively. The constant phase
element (CPE) account for the double layer capacitance, and
Zw at low frequencies represents the Warburg impedance
related to lithium ion diffusion.”*** The typical characteristics
of the two Nyquist plots are observed with one semicircle in the
high-medium frequency range and a sloping straight line in the
low-frequency range. The spectra appeared in the medium
frequency range is classically assigned to the charge-transfer
resistance occurring between active materials and liquid
electrolyte. The straight line is attributed to the lithium-
diffusion process within electrodes.'**" Tt clearly shows the
diameter of the semicircle for the CuO NSs/r-GO electrode is
much smaller than that of the pure CuO nanosheets electrode,
because the CuO NSs/r-GO has lower electron-transfer
resistance. This implies that the r-GO make charge transfer
much easily at the electrode/electrolyte interface, and
consequently decrease the internal resistance.

4. CONCLUSION

In summary, a free-standing flexible CuO NSs/r-GO paper has
been prepared by a vacuum filtration method and hydrothermal

dx.doi.org/10.1021/am403136e | ACS Appl. Mater. Interfaces 2013, 5, 9850—9855
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reduction process. This paper could be used as binder-free
anode for LIBs. The highly conductive r-GO functioned as both
a mechanical support and an embedded current collector. The
unique sandwiched structure of r-GO and CuO NSs composite
paper resulted in fast Li ion diffusion and excellent rate
performance and cyclic stability. Accordingly, this design
provides a promising candidate for binder-free flexible anode
for lithium-ion batteries.
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