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HIGHLIGHTS

GRAPHICAL ABSTRACT

« A facile strategy to fabricate 3DGN/
MOF-derived metal oxide was
proposed.

« 3DGN/CuO was used as electrode of
energy storage devices for the first
time.

« The electrode showed excellent
electrochemical properties for
lithium-ion batteries.

The 3DGN/MOF-derived CuO composite was used as lightweight and binder-free anode material for Li-
ion batteries, exhibiting a high gravimetric capacity and large reversible areal capacity, superior rate
capacity and excellent cycling performance.
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In this work, an effective and facile strategy to fabricate binder-free electrodes composing 3D graphene
network (3DGN) and octahedral CuO has been proposed. In this design, Cu-based MOF crystals were first
uniformly grown on the surface of 3DGN substrate through a solution immersion method and then a sub-
sequent thermal treatment isolated the formation of well-dispersed nanostructured CuO octahedras
wrapped 3DGN. The obtained 3DGN/CuO composites were utilized as binder-free anodes of lithium-
ion batteries for the first time, yielding a high reversible gravimetric capacity of 409 mAh g~! (a large
areal capacity of 0.39 mAh cm~2) at 100 mA g™}, excellent cyclability with 99% capacity retention after
50 cycles and superior rate capability of 219 mAh g~! at 1600 mA g~'. The remarkable performance of
the composite electrode can be reasonably attributed to the synergistic interaction between octahedral
CuO nanoparticles with high capacity and the conductive 3D graphene network with a large surface area
and an interconnected porous structure.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have attached signifi-
cant interest during the past decades due to their applications in
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portable electronic devices, clean energy storage and hybrid elec-
tric vehicles [1]. Considerable efforts have been dedicated to seek
ideal electrode materials for improving the lithium reversible stor-
age capacities and stabilities of LIBs [2]. Transition metal oxides
(e.g. MnO, [3,4], Fe304 [5,6], Fe203 [7,8], CuO [9,10], NiO [11,12],
SnO, [13,14], Co304 [15,16], TiO, [17,18]) have been investigated
intensively as one of the most promising anode candidates for
next-generation high-performance LIBs because of their higher
theoretical capacities (500-1000 mAh g~!) than commercial gra-
phite (372 mAh g~1), natural abundance, nontoxic nature and low


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2016.11.063&domain=pdf
http://dx.doi.org/10.1016/j.cej.2016.11.063
mailto:zhmiao119@sina.com
mailto:aihua.yuan@just.edu.cn
http://dx.doi.org/10.1016/j.cej.2016.11.063
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

1624 D. Ji et al./ Chemical Engineering Journal 313 (2017) 1623-1632

cost. However, the low inherent conductivities and large volume
change of metal oxides during the discharge/charge process
yielded the poor cycling stabilities and low rate capabilities. To
address these issues, tremendous efforts have been developed to
improve the structural integrities and electrical conductivities of
metal oxides-based anode materials such as optimizing particle
size or morphology and fabricating carbon hybrids [19,20].

In recent years, metal-organic frameworks (MOFs) have been
successfully employed as effective sacrificial templates or precur-
sors to construct different kinds of nanostructured metal oxides
or porous carbon with intriguing properties through the pyrolysis
process because of their high specific surface areas and tunable
pore structures [21-28]. Especially, the resulting MOF-derived
metal oxides can be size- or shape-controlled under well-
adjusted preparation conditions. For example, spindle-like porous
o-Fe;05 [29], hollow Co304 dodecahedra [30,31], hollow CuO octa-
hedral [32] and porous anatase TiO, [33], etc., were fabricated
using suitable MOFs as the precursors and these metal oxides dis-
played excellent electrochemical properties. To improve the elec-
tronic conductivity and mechanical strain of metal oxides,
nanostructured carbon materials (carbon nanofibers [34,35], car-
bon nanotubes [36-38], graphene sheets [39-43], etc.) were
employed to incorporate with metal oxides, where carbon materi-
als acted as conductive networks to increase the electrical conduc-
tivities and as volume buffers to alleviate internal stress during the
discharge/charge process.

As we all know, continuous and interconnected three-
dimensional graphene network (3DGN) grown on nickel foam
has been synthesized and recognized widely as an excellent cur-
rent collector in the energy storage and conversion fields owning
to its extremely light weight, excellent electrical conductivity,
large internal surface area, macroscopically porous structure, high
mechanical strength and flexibility, as well as the rapid mass and
electron transport kinetics for Li ions [44]. 3DGN coated with metal
oxides can be used as binder-free electrode materials for LIBs, and
delivered much higher electrochemical activities compared to
those of bare metal oxides [45]. Motivated by the merits of MOF-
derived metal oxides and 3DGN, it was anticipated that such type
of composite, hereinafter designed as 3DGN/MOF-derived metal
oxides, would improve the electrochemical performance of anode
electrodes of LIBs. Unfortunately, there are few examples of
3DGN/MOF-derived metal oxides so far. Zhang reported a two-
step annealing strategy for the synthesis of 3DGN/metal oxides
(Zn0, Fe,03) hybrids by employing MOFs (ZIF-8, MIL-88) as sacri-
ficial templates and precursors [4G]. The obtained 3DGN/Fe,03
composite has achieved impressive electrochemical properties.
Very recently, our group applied a facile strategy to prepare
3DGN supported Mn,03 with a nanowire stacking flower-like mor-
phology using Mn-based MOF as the precursor and this composite
was used as free-standing electrodes for high-performance super-
capacitors [47].

Along with the research line of MOF-graphene and their deriva-
tives for the energy-storage application conducted by our group
[48-51], we described here a two-step process to fabricate 3DGN
cross-linked with nanostructured CuO octahedras. In this design,
Cu-based MOF particles were first uniformly grown on the surface
of 3DGN through a solution immersion method. Then, a subse-
quent thermal treatment isolated the formation of CuO octahedras
wrapped 3DGN. The as-prepared 3DGN/CuO hybrid was directly
explored as anode materials for LIBs without any binder or further
treatment, yielding a high reversible gravimetric and areal capac-
ity, excellent cyclability and superior rate capability. To the best
of our knowledge, until now there has been no report on the
rational design and preparation of 3D graphene network supported
CuO particles for the energy storage application. Such remarkable
electrochemical performances can be ascribed to the synergistic

effect between uniformly dispersed nanostructured CuO octahe-
dras and the conductive 3DGN with interconnected porous
architecture.

2. Experimental
2.1. Chemical reagents

Nickel foams were purchased from Shenzhen Six Carbon Tech-
nology, China. All other chemical reagents were purchased from
Sigma-Aldrich and used directly without further purification.

2.2. Synthesis of 3DGN

3DGN was synthesized by chemical vapor deposition (CVD).
Briefly, the nickel foam placed into a quartz tube was heated to
1000 °C at a 30 °C min~! heating rate and maintained for 60 min
under atmospheric pressure with a gas flow of Ar (300 sccm) and
H, (10 sccm). Then CHy4 (60 sccm) was bubbled into the chamber
with a mixing gas of Ar/H, (V/V =100/10) for 30 min. The furnace
was rapidly cooled down to room temperature at a rate of 100 °-
Cmin~! under of Ar/H, flow, and the graphene on nickel foam
was obtained. To remove the metallic Ni, the as-prepared sample
was immersed in a mixture solution of FeCl; (1 mol L™!) and HCl
(1mol L") at room temperature for 3.5h. Finally as-obtained
3DGN was heated in 69 wt% HNO3 at 80 °C for 8 h and subjected
to further use.

2.3. Synthesis of Cu-BTC

Cu-based MOF was prepared by a typical procedure reported
elsewhere with slight modifications [32]. 7.28 g Cu(NOs),-3H,0
was dissolved in a 40 mL methanol to give solution A, while 3.5 g
of 1,3,5-benzenetricarboxylic acid (HsBTC) and 0.8 g PVP (K-30)
were both dissolved in a 40 mL methanol to form solution B. After
that, solution A was transferred slowly into solution B. The blue
precipitations appeared after the reaction mixture was kept at
room temperature for 3.5 h. The products were collected by cen-
trifugation, washed with methanol several times, and then dried
in an oven at 60 °C. The resultant material was referred to Cu-BTC.

2.4. Synthesis of CuO

CuO was prepared through the calcination of the Cu-BTC pre-
cursor in a furnace under a flow of air. The temperature was firstly
raised to 320 °C at a ramping rate of 1 °C min~!, and then stabilized
at 320 °C for 2 h. Upon cooling down to room temperature, the
black CuO powders were harvested.

2.5. Synthesis of 3DGN/Cu-BTC

The acid-treated 3DGN (1 cm x 1 cm) was placed in a glass bot-
tle. 2 mL of solution B mentioned above was added, followed by
the slow adding of solution A (2 mL). The bottle was shaken gently
for 30 s and stood for 3.5 h. The resulting 3DGN/Cu-BTC composite
was washed with methanol several times, and dried in an oven at
60 °C. The color of 3DGN changed to blue, indicating the growth of
Cu-BTC crystals on the surface of 3DGN.

2.6. Synthesis of 3DGN/CuO

The 3DGN/CuO composite was prepared through the calcina-
tion of 3DGN/Cu-BTC precursors in a furnace under a flow of
air. The temperature was raised to 320 °C at a ramping rate of
1°Cmin~!, and then stabilized at 320 °C for 2 h. Upon naturally
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cooling down to room temperature, the resulting 3DGN/CuO prod-
ucts were obtained. The color of bulk material was found from blue
to black, confirming the formation of 3DGN wrapped with CuO
particles.

2.7. Material characterization

The structures of as-prepared samples were recorded on a Shi-
madzu XRD-6000 diffractometer using Cu-K, radiation. Raman
spectra were collected on a Renishaw in Via Raman spectroscopy
with excitation at 532 nm laser. The surface electronic states were
investigated by X-ray photoelectron spectroscopy (XPS, Thermo-
Fisher Scientific ESCALAB250Xi using Al-K,, radiation) with a base
pressure of 5 x 107 mbar. The morphology and microstructure
of the materials were investigated by field-emission scanning
electron microscopy (FE-SEM, ZEISS Merlin Compact) and
field-emission transmission electron microscopy (FE-TEM, JEOL
JEM-2100F). The elemental mapping analysis was conducted on
an energy-dispersive X-ray spectrometry (EDS, Oxford X-Max).
The N, adsorption-desorption isotherm of pure CuO was recorded
at 77 K on a BEL (Japan, Inc.) instrument. The samples were out-
gassed under vacuum at 453 K for 12 h prior to the adsorption
measurement. The Brunauer-Emmett-Teller (BET) specific surface
area was calculated from the adsorption data, and the pore diam-
eter distribution curves were determined using the Barrett-
Joyner-Halenda (BJH) method. The mass of as-prepared samples
were weighted 3 times by an electronic balance with a resolution
of 0.01 mg and an average value was used. The weight values were
obtained by calculating the mass difference before and after
growth of Cu-BTC or CuO particles. For the 3DGN/Cu-BTC compos-
ite, the mass of 3DGN and Cu-BTC were 0.65 and 1.05 mg, respec-
tively, and the mass of 3DGN/Cu-BTC per area was calculated to be
1.70 mg cm 2. The standard deviations of 3DGN and Cu-BTC were
0.0125 and 0.017, respectively. According to the similar calculation
method, the mass of 3DGN and CuO in the 3DGN/CuO composite
were 0.65 and 0.30 mg, respectively, and the mass of 3DGN/CuO
was 0.95 mg cm 2. The standard deviations of 3DGN and CuO were
0.0125 and 0.0082, respectively. The weight fraction of CuO in the
composite was about 31.6%.

2.8. Electrochemical measurements

Electrochemical measurements were carried out by using
CR2032-type coin cells, and the cells were assembled in an
argon-filled glove-box. Celgard 2600 was used as the separator,
metallic lithium foil as the counter electrode, and 1 M LiPFg in
ethylene carbonate/diethyl carbonate (1:1 by volume) as the elec-
trolyte. The as-prepared 3DGN, 3DGN/Cu-BTC and 3DGN/CuO sam-
ples were used directly as the working electrodes without adding
any conductive agent or binding materials. In the control experi-
ment, the pure Cu-BTC and CuO were mixed with super-p and
polyvinylidene fluoride (PVDF) binder at a weight ratio of
75:15:10 in N-methyl-2-pyrrolidone (NMP), respectively. The as-
made slurry was coated onto the copper foil substrate and dried
at 60°C for 12 h. The galvanostatic discharge/charge measure-
ments were carried out on a LAND CT 2001A battery system.
Capacity values were based on the total mass of the active mate-
rial. The active material in the composite should be 3DGN/CuO
because both components contributed the capacity values of the
final composite, while the active material should be CuO for the
electrode of pure CuO. The cyclic voltammetry (CV) was measured
by using a CHI660D electrochemical workstation (Chenhua, Shang-
hai, China) over the voltage range 0.01-3.0V at a 0.2 mV s! scan
rate. The electrochemical impedance spectroscopy (EIS) measure-
ments were recorded by using an Autolab system (Metrohm) in

the frequency range from 0.1 Hz to 100 kHz at open circuit poten-
tial by applying an ac voltage of 10 mV amplitude.

3. Results and discussion

Fig. 1a and b displayed the XRD patterns of all as-prepared
products. The significant diffraction peak at 26 = 26.5° for 3DGN
can be attributed to the (0 0 2) reflection of graphitic carbon (JCPDS
75-1621). All diffraction peaks of as-obtained Cu-BTC were in good
agreement with the reported results [52], indicating the successful
preparation of the same MOF formulated as HKUST-1 (Cus(BTC),).
The characteristic peaks of 3DGN and Cu-BTC were obviously
observed in the diffraction patterns of 3DGN/Cu-BTC, confirming
the combination of both components. The diffraction peaks of cop-
per oxide resulting from annealing Cu-BTC precursors were per-
fectly assigned to the monoclinic phase of CuO (JCPDS 48-1548,
space group C2/c, a=4.682, b=3.427, ¢=5.132). No impurity
phases were found in diffraction patterns, revealing a complete
thermal conversion of Cu-BTC into CuO. All diffraction peaks of
the 3DGN/CuO composite can be well indexed to copper oxide
except for the peak at 26 = 26.5° from the 3DGN substrate, which
demonstrated that crystalline CuO particles has been integrated
into the framework of 3DGN after the thermal treatment of
3DGN/Cu-BTC. The broad diffraction peaks associated with CuO
indicated the small crystallite size, as described in the morpholog-
ical analysis below.

The Raman spectra of 3DGN and 3DGN/CuO were displayed in
Fig. 1c and d. 3DGN showed pronounced G and 2D bands at around
1582 and 2688 cm !, respectively. The absence of D band at about
1350 cm™! indicated that the CVD-grown graphene network of
high-quality with few defects and distorted carbon, which is favor-
able for improving the electrical conductivity [53]. The relatively
low integral ratio of G to 2D band implied that the 3DGN consists
of few-layered graphene sheets [54]. Raman spectrum in the low
wavelength region of 3DGN/CuO was shown in Fig. 1d. The peak
with a relatively high intensity at 299 cm™! was assigned to A,
mode and two peaks at 348 and 626 cm™' corresponded to 2B,
modes according to the vibrational spectra of CuO single crystal,
confirming that the copper oxide nanostructures on 3DGN have a
single phase [55-58].

The survey XPS spectra (Fig. 2a) revealed the co-existence of
carbon, oxygen, and copper elements in the as-produced 3DGN/
CuO composite. The peak at 284.8 eV in the high-resolution XPS
spectrum (Fig. 2b) of C 1s was originated from the
sp2-hybridized carbon atoms from 3DGN [59]. Two distinct peaks
located at 934.0 eV and 954.3 eV in the XPS spectrum (Fig. 2¢) of
Cu 2p corresponded to the Cu 2ps;, and 2pyj; spin-orbit states,
respectively. The spin energy separation was 20.3 eV, in agreement
with those reported for CuO, indicating +2 oxidation state for Cu in
the composite [55,56,60]. In the high-resolution spectrum of O 1 s,
the peak at 532.1 eV was related to O—C (O 1s) of the graphene
sheet [61], while the peak at 530.2 eV can be ascribed to O—Cu
(0 1s) of CuO [55,56].

The morphology and structure of as-prepared products were
examined by SEM and TEM, as shown in Fig. 3a. The CVD-growth
graphene replicated the 3D network and porous structure of Ni
foam after removal of the Ni template, without collapsing and
cracking (Figs. S1 and S2). The pure Cu-BTC crystals displayed an
octahedral shape with an edge length of 200-400 nm (Fig. 3b).
After the calcination of Cu-BTC in air, the resulting CuO particles
remained the similar size and shape to Cu-BTC. However, the sur-
face of CuO particles became more textured and rougher than Cu-
BTC due to the release of organic parts during the calcination. After
the in-situ growth of MOF crystals, the morphology of 3DGN
showed no obvious difference except for the color change from
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Fig. 1. Powder XRD patterns of (a) 3DGN/Cu-BTC and (b) 3DGN/CuO systems, and Raman spectra of (c) 3DGN and (d) the 3DGN/CuO in the region of 150-1000 cm™".
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Fig. 2. XPS spectra of the 3DGN/CuO composite: (a) Survey spectrum, (b) C 1s spectrum, (c) Cu 2p spectrum, and (d) O 1s spectrum.

black to blue, as well as the rougher surface (Fig. 3d) than pure
3DGN. It could be clearly observed from Fig. 3e that Cu-BTC parti-
cles were uniformly and densely wrapped in the entire skeleton of

3DGN. These particles present less aggregation because of the con-
finement of 3DGN and the intact contact between Cu-BTC and gra-
phene network. Interestingly, there was a slight difference in the
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Fig. 3. SEM images of (a) 3DGN, (b) Cu-BTC, (c) CuO, (d, e, f) 3DGN/Cu-BTC and (g, h, i) 3DGN/CuO at different magnifications; (j) the EDS elemental mapping distribution of
3DGN/CuO; TEM images of (k) low- and (1) high-magnification CuO particles in 3DGN/CuO (the corresponding SAED pattern of CuO).

size and surface of MOF between bare MOF and the 3DGN/Cu-BTC
composite. It can be seen that Cu-BTC particles in the composite
have smaller size and more smooth and regular surface than that
of the single Cu-BTC (Fig. 3f), suggesting that the unique feature
of 3DGN has an influence on the self-assembly reaction of MOF
precursors (Cu?* ions and H3BTC ligands), as observed in the
MOF-graphene hybrids [62-64].

The control experiments were considered here. Clearly, the
loading, morphology and size of MOF particles on the 3DGN sub-
strate can be adjustable by controlling the concentration of MOF
precursors during the in situ preparation process of the composite
(Fig. S3). The results showed that MOF particles were sparsely dis-
tributed on the surface of 3DGN and these particles exhibited irreg-
ular shapes when the concentration of MOF precursors (H3BTC, Cu
salt) are much lower (1/5 time the current concentration). Then,
the loading of MOF crystals increased and the morphology of
MOF particles was close to the octahedral shape upon increasing
the concentration of MOF precursors (1/2 time the current concen-
tration). Also, the average size of MOF particles increased from
about 150 nm to 300 nm. It should be noted that the loading of
MOF has nearly reached its maximum and these particles changed
completely to be octahedral when the 3DGN substrate was soaked
into a saturated solution of H3BTC ligand (MOF precursor). And the
particle size of MOF at this concentration is similar to that of the
sample with 1/2 time content. In this sense, the 3DGN substrate
appeared to be a structure-directing agent for the nucleation and
growth of MOF crystals. In addition, we found that the reaction
time has no influence on the loading and morphology of MOF par-

ticles. Actually, if the immersion reaction time was further pro-
longed from 3.5 to 36 h, the loading and the morphology of MOF
particles in the final composite remained almost unchanged.
After annealing 3DGN/Cu-BTC in air, the obtained 3DGN/CuO
bulk material still kept the completeness (Fig. 3g). In addition,
the color of the sample turned to black again, which was caused
by high-temperature oxidation of MOF. These CuO particles have
an average size of approximately 280 nm calculated from a statis-
tical evaluation (Fig. S4). By a closer inspection of CuO particles, it
was found that the CuO crystallites exhibited a typical porous octa-
hedral structure containing numerous and discontinuous tiny CuO
secondary nanocrystallites in size with a mean dimension of ca.
15 nm as estimated (Fig. S5) due to the release of gaseous mole-
cules during the thermal conversion. Thus, this interparticle aggre-
gation formed a mesoporous nanostructure, which will facilitate
the Li-ion diffusion and make the maximum proportion of the sur-
face accessible to the electrolyte. In our case, organic linkers in
MOF can efficiently prevent the aggregation of the resulting
nanometer particles in the primary octahedral MOF crystals, gener-
ating numerous voids in the final nano-octahedras with coarse sur-
face. This result further confirmed that MOFs could be converted to
the designed metal oxides with controlled morphologies and sizes
through a proper thermal treatment [21,65]. The selected-area
electron diffraction (SAED) pattern of CuO nano-octahedras in the
composite showed well-defined multiple concentric circles,
demonstrating the polycrystalline nature of nanostructures. The
complete coverage of CuO layers can be further confirmed by
energy-dispersive X-ray spectroscopy (EDS). The elemental
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mapping images indicated the existence of carbon, oxygen and
copper elements throughout the 3D macroporous graphene frame-
work (Fig. 3j). Above results clearly validated that the CuO
nanoparticles were uniformly anchored onto the framework of
3D graphene. In the control experiment, the composite of 3DGN
and CuO has also been prepared by the physical mixing method.
The interconnected porous framework of 3DGN collapsed when
the ultrasonic mixing was applied during the preparation of a com-
posite of the 3DGN substrate and as-prepared CuO particles. So, the
3DGN-CuO composite was synthesized by simply immersed 3DGN
into the suspension of CuO octahedras without ultrasonic or stir-
ring treatments. In this case, CuO particles in this physical mixed
sample were scattered on the 3DGN substrate with obvious aggre-
gations in some regions (Fig. S6). Importantly, the loading of CuO in
this sample was much lower than that observed in the material
prepared by in situ growth strategy. So, we can conclude that the
designed fabrication process in this work facilitated the high load-
ing of CuO as well as the formation of the special “wrapped in”
structure of 3DGN/CuO, where the interfacial actions and the por-
ous hierarchical structures have played key roles [66-69].

The textural feature of pure CuO has been investigated by nitro-
gen adsorption-desorption isotherms (Fig. S7). Pure CuO exhibited
a typical type IV isotherm, where the approximately vertical rise of
the curve at low-pressure region (P/Pg ~ 0) suggested the existence
of micropores, while the distinct hysteresis loop in the P/PO range
of 0.47-0.99 indicated the presence of mesopores. The BET specific
surface area and pore volume of CuO was measured to be
7.16 m? g~ ! and 1.65 cm> g~ !, respectively, with the pore-size dis-
tribution maximum centered at around 16 nm. So, it can be
expected from the texture data of pure CuO that the hierarchically
interconnected and porous nanostructure of the final 3DGN/CuO
composite will facilitate the mass diffusion of electrolyte and the
fast transport of Li ion as well as buffer the volume variation of
CuO particles.

The first three CV curves of the 3DGN/CuO composite electrode
at a scan rate of 0.2 mV s~! with the voltage window of 0.01-3.0 V
were given in Fig. 4a. In combination with CV data of pure 3DGN
and CuO, we can conclude all peaks observed in the composite
originated from both components (Figs. S8a and S9a). The first
cycle curve in the cathodic sweep was substantially different from
the subsequent curves. During the first cathodic scan, four reduc-
tion peaks were observed at 1.10, 0.78, 0.30 and 0.11V, respec-
tively, which can be ascribed to a multi-step electrochemical
reaction [70-76], involving (i) the formation of an intermediate
Cu,0 phase, (ii) the decomposition of Cu,0 into Cu and Li,O, (iii)
some irreversible reaction, such as the formation of the SEI layer
and electrolyte decomposition, (iv) the lithium intercalation/dein-
tercalation between graphene layers. In the second cycle curve, the
cathodic peaks slightly shifted towards higher voltages, while no
significant changes in the peak positions and intensities were
observed during the anodic scan. In the anodic process, two weak
peaks located at 0.19 and 0.26 V were related to the decomposition
of the SEI layer, whereas the well-defined strong peak at 2.43 V
corresponded to the oxidation of Cu to Cu,0 and then further oxi-
dation to CuO [76-79]. The electrochemical reaction involved in
the charge-discharge process can be described as the following
equations: CuO +2Li" +2e™ « Cu +Li;0 [80,81]. The third CV
curves overlapped very well from the second cycle onwards, indi-
cating a high reversibility of the redox reaction.

The 1st, 2nd, and 50th charge-discharge voltage profiles of the
3DGN/CuO electrode were performed at a current density of
100mA g ! in the voltage range of 0.01-3.0V (versus Li*/Li)
(Fig. 4b). Obviously, the initial capacity of the 3DGN/CuO compos-
ite was higher significantly those of Cu-MOF and 3DGN/Cu-MOF
materials (Fig. S10). It was also observed that the capacity of the
3DGN/CuO composite originated from the contribution of both

3DGN and CuO components (Figs. S8b and S9b). The first discharge
and charge capacities of the composite were 569 and 422 mAh g™,
respectively, yielding a high initial columbic efficiency of about
74%. The irreversible capacity loss arising during the first cycle
mainly resulted from the diverse irreversible process such as inter-
facial lithium storage, inevitable formation of the solid electrolyte
interface (SEI) layer and organic conductive polymer, as well as the
electrolyte decomposition [29,75,82-85]. The subsequent colum-
bic efficiency sharply increased to 94% and 99% in the 2nd and
50th cycles, respectively, indicating the good cycling stability of
the 3DGN/CuO composite electrode. As shown in Fig. 4b, several
voltage plateaus during the first charge-discharge process were
clearly observed, associated with the multi-step electrochemical
reaction during the conversion reaction between CuO and lithium.
In the following 2nd and 50th cycles, some plateaus become broad
or diminish, and the profiles almost overlap, in good agreement
with above CV analyses. The 3DGN/CuO sample with low CuO
loading was also prepared by changing the content (1/5 time the
current concentration) of MOF crystals on the 3DGN surface, which
revealed that a few CuO particles are scattered on the 3DGN sub-
strate and most of 3DGN was not covered by CuO particles. The
corresponding composite  exhibited a lower capacity
(~400 mAh g~ 1) than that of the sample with high CuO loading,
which can be ascribed to the low contribution of active material
CuO. Above analysis further confirmed that the high CuO loading
was benefit to improve the capacity of the final composite
electrode.

The cycling performance of 3DGN/CuO and bare CuO electrodes
at 100 mA g ! is given in Fig. 4c. It is clearly noticed that the 3DGN/
CuO composite electrode demonstrated a better capacity retention
ability and cycling stability than that of bare CuO or 3DGN
(Fig. S8c) electrode over 50 cycles. Except the large capacity loss
of the first cycle for both electrodes, the second discharge capacity
of CuO was 352 mAh g~! and gradually decreased to 212 mAh g~!
after 50 discharge-charge cycles with a 60% capacity retention. This
severe capacity decay of the CuO electrode can be attributed to the
agglomeration and pulverization of CuO particles during the
repeated lithiation and delithiation processes [19]. In contrast,
the capacity of the 3DGN/CuO composite electrode was stable dur-
ing the discharge-charge cycles and still retained at 405 mAh g~ ' (a
large areal capacity of 0.38 mAhcm™2) at 100 mA g~! after 50
cycles, which was almost 99% of the second reversible capacity
(409 mAh g ). In addition, the Coulombic efficiency of the
3DGN/CuO electrode after cycling for 50 cycles remained at nearly
100%, indicating the fast stabilization of the ESI layer and high
reversibility of the conversion reaction of Li and anode material.
This result was superior to the oatmeal CuO, flower-like CuO, and
pillow shaped porous CuO, and comparable with the CuO nanopar-
ticles/graphene, CuO/C microspheres, but inferior to the nanoleaf-
on-sheet CuO/graphene, leaf-like CuO/CNT and onion-like carbon
coated CuO nanocapsules (see Table 1) [72,86-92]. The measured
capacities of pure 3DGN and CuO were 390 and 379 mAhg ! at
100 mA g~ ', respectively (Figs. S8b and S9b). The reversible capac-
ity of 409 mAh g~! at 100 mA g~! observed in the 3DGN/CuO com-
posite was lower than the theoretical value (674 mAh g~!) of CuO.
However, the capacity was higher than that (387 mAh g™!) calcu-
lated based on the physical mixture of as-synthesized 3DGN
(390 mAh g !') and CuO (379 mAh g~!) as well as the content of
each component in the hybrid. This enhanced capacity can be
attributed to the synergistic effect between 3DGN and CuO
materials.

The superior Li storage properties of the 3DGN/CuO composite
electrode as compared to that of CuO electrode were supported
by the electrochemical impedance spectra (EIS) measurements
on the samples before and after 50 discharge-charge cycles
(Fig. 4d). Before cycling, both impedance curves of CuO and
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Fig. 4. (a) CV curves of 3DGN/CuO at a scan rate of 0.2 mV s~ in the potential range from 0.01-3.0 V vs Li/Li*, (b) charge-discharge curves of 3DGN/CuO at a current density of
100 mA g !, (c) comparison of cycling performances for 3DGN/CuO and bare CuO at 100 mA g !, (d) Nyquist plots of 3DGN/CuO and bare CuO electrodes before and after 50
cycles (Inset: Nyquist plots in the region of 0-400 ohm), and Rate capabilities of (e) bare CuO and (f) 3DGN/CuO electrodes at different current densities from 100 to

1600 mA g~ .

Table 1

Comparison of specific capacities of our work with reported CuO, CuO-carbon electrode materials for LIBs.

Electrode materials Current density (mA g~1!) Cycle number Specific capacity (mAh g~?) Refs
CuO octahedra/3DGN 100 50 405 This work
Oatmeal CuO 67 55 231.9 [86]
Flower-like CuO 67 50 3924 [72]
Pillow shaped porous CuO 67 50 320 [87]
CuO nanoparticles/graphene 67 50 423 [88]
CuO/C microspheres 100 50 470 [89]
Nanoleaf-on-sheet CuO/graphene 100 50 600 [90]
Leaf-like CuO/CNT 60 50 627 [91]
Onion-like carbon coated CuO nanocapsules 100 50 628.7 [92]

3DGN/CuO showed a broad compressed semicircle in the high-
frequency region corresponding to the interfacial resistance and
charge-transfer kinetic-controlled region. Obviously, the diameter
of the semicircle of the 3DGN/CuO composite electrode was smal-
ler than that of the CuO electrode. This proved that the 3DGN/CuO
electrode has a lower resistance for the interfacial electrochemical
reaction, indicating the improved electrical conductivity and a

more rapid charge transfer reaction with fast lithium ion diffusion
after the incorporation of conductive 3DGN. The circle diameters of
both 3DGN/CuO and CuO electrodes decreased after 50 cycles,
demonstrating that the architectures of electrodes reached a stabi-
lized state in the discharge-charge process.

The rate capabilities of bare CuO, 3DGN and 3DGN/CuO were
evaluated at various current densities from 100 to 1600 mA g~!
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(Figs. 4e, f and S8d). The capacity retentions of 3DGN/CuO were
395, 328, 301, 277, and 219 mAh g~! at 100, 200, 400, 800, and
1600 mA g~ !, respectively, exhibiting a better performance than
those of bare CuO (357, 277, 212, 154 and 95mAhg') and
3DGN (376, 86, 84, 78 and 59 mAh g~!) upon increasing the cur-
rent densities. When the current rate was returned to 100 mA g,
the capacities of the composite electrode were resumed.

The above results clearly demonstrated the improved reversible
specific capacity, remarkable cycle and rate performances of the
3DGN/CuO composite in contrast to pure CuO as an anode material
for lithium storage, which can be reasonably attributed to the syn-
ergetic interaction between uniformly dispersed metal oxide
nanoparticles and the 3D conductive graphene network [93-97].
Firstly, the interpenetrating meso-/macro-porous feature of
3DGN possessed an extremely highly accessible area, effectively
preventing the aggregation of metal oxide nanoparticles, while
the excellent electronic conductivity of the 3D graphene network
was beneficial for the rapid transport and diffusion of electrolyte
ions and electrons during the charge-discharge process. Secondly,
the porous structures of 3D graphene network served as an elastic
and stable buffer effectively alleviating/accommodating volume
changes associated with metal oxides during lithium insertion
and exaction process. Thirdly, the porous octahedral CuO compos-
ing of numerous and discontinuous tiny nanocrystallites enlarged
the CuO/electrolyte contact area as well as provides more open
interspaces and electrochemically active surface to accommodate
lithium ions, and thus exhibited higher lithium-ion adsorption/
desorption capacities. It should be noticed that 3DGN/CuO com-
posite can be used directly to form ultralight and flexible electrode
which can be applied to some special energy conversion/storage
devices (e.g. light-weight LIBs, flexible LIBs, etc.).

4. Conclusions

In summary, a facile synthesis approach was proposed to fabri-
cate well-defined metal oxide/3DGN hierarchical composites using
MOF as the precursors of metal oxide and 3DGN as the matrix
through an in-situ self-assembly, followed by a heat-treatment
process. This self-standing 3DGN/CuO hybrid was used as light-
weight and binder-free anode materials for lithium-ion battery,
exhibiting a high gravimetric capacity and large reversible areal
capacity, superior rate capacity and excellent cycling performance,
which can be ascribed to the synergistic integration of 3DGN and
CuO components. The design concept developed here may provide
a general strategy to construct 3DGN/metal oxides composite
structures for electrochemical energy storage and conversion
applications.
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