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A 3D defect controllable graphene foam (GF) with conductive
interconnected network is prepared by a CVD process in a chosed
environment, which we refer to as the closed-environment CVD
method. The resulting GF not only is high quality, but also is
provided with controllable defect density, offering a great potential
in Lithium-ion batteries (LIBs) application. When ZnO anchored on
the 3D GF to construct ZnO/GF composite as anode for LIBs,
benefiting from the advantages of graphene and unique structural
features, it exhibits a high reversible capacity of 851.5 mA h g1 at
0.2 A g1, good cycling performance and excellent rate capability.
Notably, the higher defect density of GF leads to an increase in the
capacity of ZnO/GF, meanwhile, it maintains an excellent rate
performance.

The rapid
development of portable electronic devices, renewable energy

ever-increasing energy demand driven by
products, and electric vehicles, is one of the key issues in the
modern world. To address the challenge, high-effective and
environment-friendly devices for energy conversion and
storage are required. Lithium-ion batteries (LIBs) with high
energy density and long cycle life, is regarded as one of the most
promising representatives of the main power source. However,
commercial LIBs anode material graphite with limited reversible
capacity (theoretical capacity is 372 mA h g1) is an obstacle to
the development of high performance LIBs. Zinc oxide (ZnO)
with high theoretical specific capacity, environment friendly
and low cost is a promising material for LIBs anode.
Unfortunately, ZnO is still hindered by its poor electrical
conductivity and tremendous volume changes during
charge/discharge process, leading to a capacity fading upon
cycling and poor rate capability. 12

Graphene, a two-dimensional (2D) monolayer of carbon
atoms, with the unique properties of giant theoretical specific
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surface area (2630 m?2 g1), extremely high electric/thermal
conductivity, extraordinary flexibility, and chemical stability3-°
offers a promising approach to realize highly efficient LIBs.
Currently, considerable efforts have been devoted into
combining graphene with metal oxides, which is a valued
strategy to maximize the advantages of both material. 10-14

Usually, the success of graphene applications for LIBs is
largely dependent on the properties of graphene, such as high
quality improving the conductivity of active materials and large
specific surface area increasing the contact area between active
material and electrolyte.?-18 The graphene preparation method
plays a crucial role in determining the properties of the final
product. Versatile methods have been developed for the
preparation of graphene, such as liquid phase exfoliation,1%-21
reduction of graphene oxide,?? 23 and chemical vapor
deposition (CVD),%426 etc. Owing to the ease of processing,
chemically derived graphene sheets are widely employed in LIBs.
However, these graphene sheets are hindered by the large
number of defects introduced during preparation process
and/or high inter-sheet contact resistance in a 3D structure.
Although the defect-free high-quality graphene has been grown
by CVD, the defect in graphene sheet still plays an important
role in LIBs, which provides additional active sites for lithium
storage, facilitates graphene integration with other materials,
enables lithium diffusion and prevents lithium clustering. 17> 27
Obviously, overmuch defects in graphene sheet will destroy
electrical conductivity and mechanical robustness. Therefore,
development of an efficient method for preparing 3D high
quality graphene with controllable defect density is critical for
its application in LIBs.

Here, we report the preparation of 3D defect controllable GF
with conductive interconnected network via closed-
environment CVD method, in which carbon source PMMA
reacts with hydrogen in a closed-environment at 1000 ° C, and
then graphene form on Ni foam. The resulting GF not only is
relatively high quality, but also is provided with controllable
defect density. Moreover, changing PMMA quantity can simply
and effectively control the defect density. Even with a large
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Fig.1 Schematic illustration of synthesis process of 3D free-standing GF. (a-c) closed-environment CVD method growth of graphene on Ni foam by using the
sealed quartz tube, as shown in (b). (d) G/Ni foam coat with thin layer PMMA film. (e) G/Ni foam etch Ni foam with PMMA protected. (f) free-standing GF

after dissolving the thin PMMA layer with hot acetone.

quantity of PMMA, the quality and electrical conductivity of
graphene are still better than that of chemically derived
graphene. The 3D GF is employed to construct graphene/zinc
oxide (ZnO/GF) composite as anode for LIBs. In this unique
structure, the GF directly grow on current collector Ni foam,
providing compact electrical contact between GF and current
collector for fast electron transfer from active materials to
current collector via underlying GF. Moreover, the conductive
interconnected 3D GF increase the effective contact area
between ZnO particles and electrolyte, providing more diffusion
channel between Li-ion and ZnO particle. Consequently, the
ZnO/GF composite exhibits a high reversible specific capacity of
~851.5 mA h g at a current density of 0.2 A g1 even after 200
cycles and an excellent rate performance. Notably, if GF with
higher defect density were employed to prepare ZnO/GF, the
specific capacity of electrode is improved, meanwhile, and the
excellent rate performance is retained.

The process of synthesis 3D GF by the closed-environment
CVD is illustrated in Fig. 1. In this method, we seal template Ni
foam and solid carbon sources PMMA with hydrogen in a closed
quartz tube (Fig. 1b and Fig. S11) to prepare graphene at 1000
°C for 20min (Fig. 1a and c). Different from the general CVD
method, which produce graphene in an open environment with
flowing H, and carbon source, in our method, PMMA/Cu films
react with H; in a closed environment In this experiment, GFs
were prepared with a series of PMMA quantity: from 200ul to
700ul, the sample referred to as GF200 to GF700. To obtain 3D
GF with intact structure, a thin layer of PMMA was coated on
G/Ni foam by drop-coating. This layer of PMMA prevented the
3D GF from collapsing during nickel etching (Fig. 1d and e). After

This journal is © The Royal Society of Chemistry 20xx

etching nickel process, the layer of PMMA was dissolved by hot
acetone, then a monolith of interconnected foam-like 3D
graphene was obtained (Fig. 1f).

The 3D GF inherits and maintains the 3D continuous foam-
like structure of Ni foam without any severe structural collapse

Fig. 2 SEM images of (a) G/Ni foam after closed-environment CVD, (b and c)

3D GF after removal of Ni foam. (d) High-resolution TEM image of the edge of
a graphene sheet, the interlayer spacing of bilayer (2L) and five-layer (5L)
graphene is~0.33nm.The sample was prepared with a PMMA quantity of
300pl.
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(Figs. 2b and c). The ripples and wrinkles are formed on the
graphene film during the cooling process (Fig. S2), because of
the different thermal expansion coefficient between nickel and
graphene. 22 Moreover, the ripples and wrinkles cross the grain
boundary of nickel, indicating the 3D GF is composed of
interconnected graphene sheets. This structure eliminates
contact resistance between graphene sheets, enhances the
electrical conductivity of entire 3D GF. The 3D GF consist of bi-
to few-layer graphene sheets, as shown in high-resolution TEM
image (Fig. 2d). The non-uniformity is attributed to the each
grain boundaries in polycrystalline Ni foam, which have the
independent effect on graphene growth.2° Raman spectra of 3D
GF presents a typical spectra of few-layer graphene (Fig. 3a),3°
which is consistent with the average layer number of graphene
derived from specific area (detail in supplementary information)
(Fig. 3b). In addition, the specific area and electrical conductivity
of GF is up to ~652.4 m? gl and ~2.8 S cm respectively,
corresponding to a PMMA quantity of 200ul (Fig. 3a and S3).
The 3D GF is provided with controllable defect density. In

order to control the defect density, we changed the quantity of
carbon source PMMA in closed-environment CVD. In Raman

spectra of graphene, D band is related to the disorder and
defect in graphene, G band represents the carbon sp?
bonding,3! therefore, we define defect density as the intensity
ratio between the D bands and G bands (/p//s). The GF200 with
suppressed D band gives a high Ip/ls ratio of ~0.10. The ratio
increase along with PMMA quantity, suggesting higher PMMA
quantity leads to an increase in the number of defect density.
In addition to Raman spectra, XPS was also employed to
characterize 3D GF. The High resolution C (1s) spectrum is
subdivided into three peaks representing different binding state:
carbon sp? bonding (C-C, ~284.7 eV), epoxide/hydroxyl groups
(C-0, ~285.3 eV) and carbonyl groups (C=0, ~288.0 eV) (Fig. 3c
and d).32 This result indicates the 3D GF exists O-containing
defect (C-O and C=0). In contrast to C-C peak, the intensity of
C-O peak increases with a higher PMMA quantity. Therefore,
the intensity ratio between the defect peak (C-O and C=0) and
total peak can be used to measure the number of O-containing
defect in graphene (Table. S1). As a result, the O-containing
defect content of GF300 and GF500 are ~28% and ~37%
respectively, indicating the increase of defect is caused by
higher PMMA quantity. This result could be mainly due to the
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Fig. 3 (a) Raman spectra of 3D GF. The GF were prepared with the amount of PMMA solution of 200pl, 500ul, and 700pl. (b) Average number of graphene
layers in 3D GF as a function of the amount of carbon source PMMA used in closed-CVD growth. (c and d) Decomposition of the high-resolution XPS spectra
of the C1s regions for G/Ni foam with C1 (C-C), C2 (C-0), C3 (C=0). The samples were prepared with PMMA solution 300ul and 500, respectively.
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images of ZnO/GF composite with different

pyrolysis intermediates continuous accumulation and
participation in the formation of graphene. Generally, there are
two kinds of formation mechanism in the graphene growth on
nickel: the deposition mechanism during the reacting process
and segregation/precipitation mechanism during the cooling
process.3335 In a closed environment, the incomplete
decomposition intermediates resulting from the pyrolysis of
PMMA, under the influence of the deposition mechanism,
directly deposit to form graphene, because those intermediates
can not be promptly removed from the reaction system.
Therefore, when using a higher PMMA quantity in closed
reaction system, the concentration of intermediate increases,
which results in an increase in the defect density of graphene.
In addition to, the electrical conductivity of GF reduce with the
PMMA quantity increasing (Fig. 3b). Because the electrical
conductivity of graphene is strongly depend on the i network,>
which is impaired by the increased number of defects.
Constructing a graphene/metal oxides composite is
important to improve the electrochemical performance of
metal oxide anode materials. The 3D GF was employed to
fabricate ZnO/graphene foam (ZnO/GF) composite as anode for
LIBs. The morphology of the resulting ZnO/GF shows flower-like
ZnO particles uniformly disperse on graphene film, this
structure can accommodate the volume changes of ZnO

This journal is © The Royal Society of Chemistry 20xx

particles during the lithiation/delithiation process (Fig. 4b).
Besides characteristic band of graphene, the Raman spectra of
ZnO/GF contains a sharp peak at ~¥430 cm (Fig. 4a), which is
attributed to ZnO E; phonon mode, indicating the existence of
Zinc Oxide.36

The electrochemical properties of ZnO/GF were investigated.
The ZnO/GF was directly employed as the work electrode
without the conductive carbon black and binder. The
electrochemical performance behaviours of the ZnO/GF anodes
were tested by cyclic voltammetry (CV), the resulting CV curves
recorded in the first three cycles at a scan rate of 0.1 mV s
within a voltage window of 0.01-3.0 V (vs. Li*/Li) are shown in
Fig. 5a. The CV curves almost overlap after the first cycle,
indicating the excellent electrochemical stability of ZnO/GF
electrode during the process of lithiation/delithiation. In the
first cathodic cycle, the wide peak at 0.75-1.25 V is attributed to
two electrochemical reactions, including the reduction of ZnO
into Zn and Zn alloying with Li to formation of ZnLiy.3” A sharp
peak at 0.25 V is caused by the electrolyte decomposition and
the formation of solid electrolyte interphase (SEl) film, which
disappears in the following cycles. A reversible peak at 0.1 V
corresponds to the intercalation of Li into the graphene layers.
In first anodic cycle, the first peak at 0.1 V is ascribed to the Li
deintercalation from graphene layers. The wide peak at 1.0-1.75
V is caused by the process of Zn.Li, multistep dealloying. And
the last peak at 2.25 V corresponds to the reversible conversion
reaction between Zn and ZnO, indicating a high capacity and
stable cycle property. To identify the discharge voltage plateau
position and capacity, the charge-discharge voltage profiles of
the ZnO/GF electrode acquired at a current density of 0.2 A g?
within a voltage window of 0.01-3.0 V (vs. Li*/Li) for the first
three cycles (Fig. 5b). Obviously, the plateaus on the charge-
discharge voltage profiles are consistent with the CV curves. The
ZnO/GF electrode exhibits initial discharge and charge
capacities of 1658 mA h g1 and 1124 mA h g respectively,
corresponding to a relative lower initial Coulombic efficiency of
67.8%, which is caused by the electrolyte decomposition and SEI
film formation. According to previous reports,383° the
irreversible capacity loss in the first two cycles can be attributed
to the formation of SEI film.

In order to demonstrate the effect of different defect density
on the electrochemical properties of ZnO/GF, the ZnO/GF
electrodes prepared with the GF300 and GF500 were employed
to characterize the cycling and rate performance, the resulting
electrodes were referred as ZnO/GF300 and ZnO/GF500. Both
electrodes exhibit high capacity and good cycle performance
(Fig. 5¢). After 200 charge-discharge cycles, the ZnO/GF500 and
ZnO/GF300 still demonstrate a lithium storage capacity of
~851.5 mAh g ! and 601 mAh g-1. Although a relatively low
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Fig. 5 The electrochemical performance of the ZnO/GF electrode: (a) CV curves of the ZnO/GF between 0.01 and 3.0 V at a scanning rate of 0.1 mV s?; (b)
charge-discharge profiles of the ZnO/GF electrode at 1st, 2nd and 3rd cycles between 0.01 and 3.0V with current density of 0.2 A g%; (c) cycling performance
of ZnO/GF electrodes with different defect density at a current density of 0.2 A g%; (d) rate performance of electrodes at different current densities from 0.1

Ag'to5Agtinthe voltage range of 0.01-3.0V.

coulombic efficiency is observed for each electrode, after few
cycles, the coulombic efficiency reaches over 98%. Compared
with ZnO/GF300, ZnO/GF500 with higher defect density in GF
shows a larger specific capacity. This result mainly could be
ascribed to the structural defect in graphene, which plays a role
of reversible lithium storage site during charge-discharge
process.*®© Therefore, the higher defect density in GF
contributes the larger additional capacity. In addition to
additional active sites, GF500 with higher defect density leads
to an increase of ZnO content in ZnO/GF composite, improving
the areal capacity (Fig. S5). The content of ZnO in ZnO/GF
electrode is ~71.1wt% and ~80.0wt% for ZnO/GF300 and
ZnO/GF500 respectively.

The rate performance with a series of current densities from
0.1 Aglto 5A g'lwere examined (Fig. 5d). It is clearly that both
electrode delivers a satisfactory reversible capacity at each
current density. Even at a current density as high as 5 A g1,
ZnO/GF500 and ZnO/GF300 maintain a reversible capacity of
615.2 mAh g and 349.6 mAh g, corresponding to ~69% and
~56% of the capacity (920.5 mA h g and 643.9 mA h g1)
obtained at 0.1 A glrespectively. The discharge capacities of
both electrodes remain stable with a reasonable decrease,
suggesting a rapid charge transport process of the electrodes.
Furthermore, it is should be noticed that the capacities of
electrodes are restored after 60 cycles upon returning the
current density to 0.1 A g1, indicating a great cycling stability at
high rates. Notably, although the ZnO/GF500 is provided with

This journal is © The Royal Society of Chemistry 20xx

higher defect density, it presents excellent rate capability and
cycling stability. This result suggests that the fast charge
transport channel still be provided by GF500 to improve the rate
performance of ZnO/GF electrode. ¢

High reversible capacity, good cycling performance, and
excellent rate capability of ZnO/GF electrode can be attributed
to several reasons. First, the 3D GF direct growth on current
collector of Ni foam can host ZnO particles, which works as a
highly conductive matrix for good electrical contact between
ZnO particles and current collector, offering fast transport
channels for charge carriers. Second, the 3D conductive
interconnected graphene network with large surface area
allows more ZnO particles to contact with the electrolyte,
providing more diffusion paths for Li ion to transport to ZnO
particles. Third, the macroscopically porous structure in 3D GF
is favorable for electrolyte access.

Conclusions

In summary, the 3D defect controllable GF with conductive
interconnected network was prepared by the closed-
environment CVD method. Besides the high quality, the 3D GF
is provided with controllable defect. It is demonstrated that the
defect density of 3D GF can directly be changed by adjusting
PMMA quantity. When the 3D GF is employed to fabricate
ZnO/GF composite for LIBs anode, it exhibits a high specific
capacity of 851.5 mA h g1 after 200 cycles, good cycling stability

J. Name., 2013, 00, 1-3 | 5
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and excellent rate performance. It is worth to notice that the
higher defect density of GF combining with ZnO, the specific
capacity of ZnO/GF electrode is promoted, at same time, and
the excellent rate performance is retained. In principle, the
closed-environment CVD method offers a novel way to prepare
graphene materials with controllable defect density and desired
heteroatom by changing the type and quantity of carbon source,
such as B, N, and S. We believe that the 3D GF with specific
heteroatom and controllable density would be a great
promising material in energy storage application.
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