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Xiehong Cao, Bing Zheng, Xianhong Rui, Wenhui Shi, Qingyu Yan, and Hua Zhang*

Abstract: A simple method for the preparation of metal-oxide-
coated three-dimensional (3D) graphene composites was
developed. The metal-organic frameworks (MOFs) that
served as the precursors of the metal oxides were first
synthesized on the 3D graphene networks (3DGNs). The
desired metal oxide/3DGN composites were then obtained by
a two-step annealing process. As a proof-of-concept applica-
tion, the obtained ZnO/3DGN and Fe,Oy/3DGN materials
were used in a photocatalytic reaction and a lithium-ion
battery, respectively. We believe this method could be extended
to the synthesis of other metal oxide/3DGN composites with
3D structures simply through the appropriate choice of specific
MOFs as precursors.

Owing to its unique structure and properties, graphene,
a two-dimensional (2D) sp*-hybrized carbon sheet, has been
widely investigated.''! Moreover, composites of graphene with
many nanomaterials have been successfully prepared by
various methods. Such composites exhibit improved proper-
ties and/or enhanced performance as compared to each
individual component in the composite, since the graphene
sheet acts not only as a template or substrate with a large
surface area for anchoring nanomaterials, but also as an
electrically conductive channel for fast electron transfer.l
Recently, three-dimensional (3D) graphene-based compo-
sites have attracted increasing interest, since they are not only
electrically conductive, but also macroscopically porous, thus
allowing ready access by gas molecules or electrolyte ions.™!
For example, 3D graphene networks (3DGNs)P! synthesized
by chemical vapor deposition (CVD) have exhibited high
thermal conductivity® and good electrical and mechanical
properties.’*” Furthermore, the obtained 3DGNs can also be
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used as templates for the growth of various nanomaterials,
such as oxides, sulfides, hydroxides, and carbon nanotubes.’®!
However, the morphologies of reported metal oxide/3DGN
composites normally showed that the 3DGNs were coated
with thick films of metal oxide particles, rods, or flakes. To the
best of our knowledge, until now there has been no report on
the preparation of porous metal oxide nanostructures coated
on 3DGNs without agglomeration.

Metal-organic frameworks (MOFs) that exhibit unique
characteristics have been widely studied.”! Composites of
MOF and graphene oxide (GO), referred to as MOF/GO, in
which the GO serves as a matrix for the well-dispersed growth
of nanosized MOF crystals,"® have been synthesized.!"”
Furthermore, when the GO was reduced, the reduced
graphene oxide (rGO) obtained overcame the poor electrical
conductivity of the MOF; thus, MOF/rGO composites can be
used as promising electrode materials for electrocatalysis.!'!!
Herein, we report a simple method for the synthesis of metal
oxides on 3DGNs. The application of the resulting materials,
i.e. metal oxide/3ADGN composites, in photocatalysis and
lithium-ion batteries (LIBs), was also explored.

By using our simple method, a 3DGN (see Figure S1 in
the Supporting Information),™™ a porous 3D graphene
structure, was used as a template for the preparation of the
MOF/3DGN composite (Figure 1a, step 1). After annealing
of the MOF/3DGN composite first under argon and then in
air (Figure 1a, steps2 and 3), the metal oxide/3DGN
composite was obtained. As a proof of concept, the well-
known MOFs ZIF-8!"?! and MIL-88-Fe["*! were used for the
preparation of ZnO/3DGN and Fe,O;/3DGN composites,
respectively. As a result of the unique properties of 3DGNs,”!
the metal oxide/3ADGN composites were electrically conduc-
tive and also possessed good mechanical properties (Fig-
ure 1b-e).

Figure 2a shows the morphology of the 3DGN after the
growth of ZIF-8: ZIF-8/3DGN exhibited a rougher surface as
compared to that of the original 3DGN (see Figure S1b). The
crystal structure of ZIF-8 was confirmed by X-ray diffraction
(XRD; see Figure S2).">'Y Energy-dispersive X-ray spectros-
copy (EDX) also indicated the presence of elemental zinc
(see Figure S3). ZIF-8 nanocrystals with a polygonal shape
and a size of approximately 500 nm were coated on the
surface of the 3DGN (Figure 2b). By changing the synthetic
conditions, the size of the ZIF-8 nanocrystals could be tuned
from about 100 to about 900 nm (see Figure S4).

After annealing of the ZIF-8/3DGN composite under
argon gas, the surface of the obtained sample was more
textured and rougher (Figure 2c¢). Nanoparticles (NPs) with
a size of approximately 10 nm were generated (Figure 2d).
Selected-area electron diffraction (SAED) pattern indicated
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Figure 1. Preparation of metal oxide/3DGN composites. a) Schematic
illustration of the process used for the synthesis of metal oxide/3DGN
composites. b—d) Photographs of the ZnO/3DGN composite as
obtained (b), under bending (c), and after the release of pressure (d).
e) Photograph of the obtained Fe,0;/3DGN composite under bending.

that these NPs have an amorphous structure (bottom inset of
Figure 2d). Raman spectra showed that the intensity of the D-
band increased after annealing of the ZIF-8/3DGN composite
in argon (see Figure S5), thus suggesting that the organic
component of ZIF-8 was converted into amorphous carbon
coated on the surface of the NPs. The amorphous carbon
could serve as a buffer that impedes the further contraction of
ZIF-8 nanocrystals during annealing."”

Figure 2 e,f shows the porous metal oxide/3DGN compo-
site obtained after subsequent heat treatment of the sample in
Figure 2¢ in air. The obtained porous metal oxide structures
were a bit smaller than the ZIF-8 nanocrystals obtained after
annealing in argon (Figure 2c¢). This difference in size can be
attributed to the decomposition of amorphous carbon in the
sample in Figure 2c during annealing in air and the contrac-
tion of the metal oxide structure during the cooling process.

The XRD pattern, high-resolution TEM (HRTEM), and
the SAED pattern further confirmed that the porous metal-
oxide structure coated on the 3DGN was composed of ZnO
NPs. The XRD pattern (see Figure S6) showed the distinct
(100), (002), and (101) diffraction peaks of ZnO, thus
indicating that the hexagonal phase of ZnO (JCPDS 79-
0205) was formed.' The HRTEM image of a small ZnO
particle (top inset of Figure 2 f) shows a lattice spacing of
approximately 0.25 nm, which matches the (101) plane of
ZnO. Four clear diffraction rings were observed in the SAED
pattern (bottom inset of Figure 2 f) and can be assigned to the
(100), (101), (110), and (103) planes of ZnO, respectively.

Thus, a novel ZnO/3DGN composite was obtained by
using the MOF ZIF-8 as the precursor of ZnO and a 3DGN as
the 3D template. Moreover, since the size of the ZIF-8
nanocrystals growing on 3DGNs can be tuned by changing the
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Figure 2. SEM and TEM images of ZIF-8/3DGN and ZnO/3DGN
composites. a) Low- (scale bar: 100 um) and b) high-magnification
SEM images (scale bar: 500 nm) of the ZIF-8/3DGN composite.

c) SEM image of the ZIF-8/3DGN composite after annealing under Ar
(scale bar: 500 nm). d) TEM image of the annealed ZIF-8 nanocrystals
in (c) (scale bar: 500 nm). Inset: High-magnification TEM image (top;
scale bar: 30 nm) and SAED pattern (bottom) of an annealed ZIF-8
nanocrystal. €) SEM image of the ZnO/3DGN composite (scale bar:
500 nm). Inset: Low-magnification SEM image of the ZnO/3DGN
composite (scale bar: 20 um). f) TEM image of the porous ZnO
structures in (e) (scale bar: 500 nm). Inset: HRTEM image of a ZnO
NP (top; scale bar: 2 nm) and SAED pattern of the porous ZnO
structure (bottom).

synthetic conditions (see Figure S4a,c,e), the size of the
porous ZnO structures in ZnO/3DGN composites can also be
tuned (see Figure S4b,d,f). Although a ZIF-8 with a small size
of approximately 100 nm could be synthesized on a 3DGN
(see Figure S4g), only ZnO NPs rather than porous ZnO
structures were obtained after the two-step annealing process
(see the inset in Figure S4h).

As another sample, a Fe,0;/3DGN composite was also
obtained after two-step annealing of MIL-88-Fe/3DGN (Fig-
ure 1a; see details in the Experimental Section). MIL-88-Fe
was successfully coated on the surface of a 3DGN to form
a MIL-88-Fe/3DGN composite (Figure 3a). The crystal
structure of MIL-88-Fe was confirmed by XRD (see Fig-
ure S7a). In the obtained Fe,O5/3DGN composite (Fig-
ure 3b), the presence of a-Fe,O; was confirmed on the basis
of the SAED pattern, HRTEM, and XRD (Figure 3¢,d; see
also Figure S7b). The SAED pattern shows four clear
diffraction rings, which can be assigned to the (012), (104),
(110), and (113) planes of a-Fe,O; (Figure 3¢, inset). A lattice
spacing of approximately 0.25 nm corresponding to the (110)

www.angewandte.org

1405


http://www.angewandte.org

Angewandte

Communications

1406

0.25nm
(110)

Figure 3. SEM and TEM images of MIL-88-Fe/3DGN and Fe,0,/3DGN
composites. a) SEM image of the MIL-88-Fe/3DGN composite (scale
bar: 5 um). Inset: Low-magnification SEM image of the MIL-88-Fe/
3DGN composite (scale bar: 10 um). b) SEM image of the Fe,O,/
3DGN composite (scale bar: 3 um). Inset: High-magnification SEM
image of the Fe,0;/3DGN composite (scale bar: 200 nm). c,d) TEM
images of Fe,0; structures (scale bars: 200 (c) and 50 nm (d)). Insets:
SAED pattern (c) and HRTEM image (d) of Fe,O; (scale bar: 2 nm).

plane of a-Fe,O; was observed in the HRTEM image
(Figure 3d, inset).l"”!

ZnO is an important photocatalyst owing to its low cost,
nontoxic nature, and high photochemical activity."®! In this
study, the photocatalytic properties of the ZnO/3DGN
composite were examined through the photodegradation of
the dye methylene blue (MB) under irradiation with UV light.
For comparison, the pure 3DGN and ZnO, which was
obtained by the two-step annealing of ZIF-8 (see Figure S8),
were used in control experiments.

Figure 4a shows the normalized change in the concen-
tration of MB (C/C,) during the photodegradation process; C
and C, are the measured concentration of MB after photo-
degradation for a certain time and the original concentration
of MB, respectively. It is evident that the ZnO/3DGN
composite exhibited better photodegradation performance
than did the pure 3DGN and ZnO. After irradiation of the
dye solution with the 3DGN, ZnO, or ZnO/3DGN for 60 min,
almost all of the dye was decomposed by ZnO/3DGN,
whereas only about 12 and 80 % of the dye was decomposed
by the 3DGN and ZnO, respectively (Figure4a). The
improved performance could be attributed to the high surface
area of the ZnO/3DGN composite and prevention of the
recombination of photoinduced holes and electrons owing to
the good contact and effective interaction between the 3DGN
and ZnO (see Figure S9).

Recycling of the ZnO/3DGN composite was quite con-
venient as a result of the good mechanical properties and
robust structure of the 3DGN (Figure 1). After the photo-
degradation process, the ZnO/3DGN composite could be
picked up easily from the dye solution with tweezers, then
washed thoroughly in Milli-Q water (Figure 4b) and dried for
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Figure 4. Photocatalytic properties of ZnO, 3DGN, and the ZnO/
3DGN composite. a) Photocatalytic performance of the ZnO/3DGN
composite, the 3DGN, and ZnO in the degradation of methylene blue.
b) Photograph of the washing of ZnO/3DGN composites after the
photodegradation process.

the subsequent photodegradation experiments. The durability
of the ZnO/3DGN composite was tested (see Figure S10).
After four consecutive cycles, there was no obvious change in
its photodegradation performance, thus indicating the good
stability of the photocatalytic properties of the ZnO/3DGN
composite.

Fe,O; is a promising anode material for lithium-ion
batteries (LIBs)."”! The combination of Fe,O; with graphene
has been proved to further improve the lithium-storage
properties, with higher specific capacities and better cycling
stability.?” In this study, the Fe,0,/3DGN composite was
tested as the anode for LIBs, in which the 3DGN served as the
current collector. The Fe,O; powder used in the control
experiment was synthesized by two-step annealing of MIL-88-
Fe (see Figure S11) and then pasted on Cu foil with carbon
black and a binder for LIB-anode testing. Figure 5a shows the
first three discharge/charge curves for the Fe,O;/3DGN
composite at a current density of 0.2 Ag~! between 0.01 and
3V (versus Li/Li*). In the first discharge curve, the two
sloping voltage plateaus at approximately 1.5 and 1.0 V can be
ascribed to the structural transformation of Fe,O; and the
insertion of lithium ions, respectively."** The voltage plateau
at approximately 0.8 V corresponds to the conversion of
Li,Fe,O; into Fe. This reaction is reversed in the subsequent
charging process, as reflected by a sloping plateau at
approximately 2.0 V in the first charge curve.?* These results
are in good agreement with previous studies.”**!! A small
charge/discharge plateau found at about 0.1 V resulted from
lithium intercalation/deintercalation between graphene
layers.”?

The cycling behavior of the Fe,O;3DGN and Fe,O,
electrodes is compared in Figure 5b. After 50 discharge/
charge cycles at the current density of 0.2 Ag™, the Fe,O;
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Figure 5. Lithium-ion-battery performance. a) Discharge/charge curves
of the Fe,0;/3DGN composite. b) Cycling performance of the Fe,0;/
3DGN composite and Fe,O;. ¢,d) Rate capacity of electrodes com-
posed of the Fe,0;/3DGN composite (c) and Fe,O; (d). Square and
triangle symbols indicate the discharge and charge specific capacities,
respectively.

electrode showed a fast decay of the capacity to 261 mAhg™
in the 50th cycle, whereas a reversible capacity as high as

864 mAhg™' was retained for the Fe,053DGN composite
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(approximately 76 % of the initial capacity of 1133 mAhg™),
thus indicating good cyclability of the Fe,O;/3DGN compo-
site.

The rate capacities of the electrodes were also measured.
The Fe,05/3DGN composite electrode exhibited 10th-cycle
discharge capacities of 871, 854, 785, 718, and 587 mAh g’1 at
current densities of 0.2, 0.5, 1, 2, and 5 Ag™!, respectively
(Figure 5c), thus implying a good rate performance. The
capacity of the Fe,O;/3DGN composite at high current
densities, such as 2 and 5 Ag™', was comparable with and
even higher than those of composites of iron oxides and
graphene.”™2'%! In contrast, the Fe,O; electrode provided
a worse rate capacity (Figure 5d).

The areal density of 3DGNs (ca. 0.65 mgcm ?) is much
lower than that of the commonly used copper current
collector (ca. 10 mgem™>).”* This feature makes 3DGNs
promising for the development of lightweight LIBs, as they
enable the total weight of the electrode to be reduced and also
provide high capacity per unit mass of electrode. For example,
at a current density of 0.2 Ag™!, the Fe,05/3DGN composite
provided a capacity per gram of the electrode of 864 mAhg™
after 50 cycles, whereas only 24.3 mAhg™! was observed for
the Fe,O; electrode (as based on the total mass of the current
collector, including active materials, a conductive additive,
and a polymer binder).

In summary, we have developed a simple method to
prepare novel metal oxide/3DGN composites by the use of
MOFs as the precursors of the metal oxide and 3DGNss as the
backbone through a facile two-step annealing process. As
a proof of concept, the obtained ZnO/3DGN and Fe,O,/
3DGN composites were used in photocatalysis and a lithium-
ion battery (LIB). We believe this method could be used for
the synthesis of other metal oxide/3DGN composites with 3D
structures simply by the appropriate choice of a specific MOF
as the precursor.

Experimental Section

Chemicals: Zinc nitrate (Zn(NOs),), 2-methylimidazole (MIM,
C,HgN,), ferric chloride (FeCl;), terephthalic acid (H2BDC,
C3HgO,), methanol, and N,N-dimethylformamide (DMF) were pur-
chased from Sigma-Aldrich. All of the reagents were used without
further purification.

Synthesis of ZIF-8 crystals: Zn(NO;), (100 mmolr. ", 15 mL) and
MIM (100 mmolL~', 30 mL) were stirred in methanol at room
temperature for 12 h. The resulting ZIF-8 crystals were collected by
centrifugation, then washed with methanol several times and dried in
a vacuum oven at room temperature.

Synthesis of MIL-88-Fe crystals: A mixture of FeCl; (243 mg) and
H2BDC (166 mg) in DMF (10 mL) was heated at 100°C in an oil bath
for 12 h and then allowed to cool naturally to room temperature. The
resulting MIL-88-Fe crystals were collected by centrifugation, then
washed with ethanol several times and dried in a vacuum oven at
room temperature.

Synthesis of 3D graphene networks (3DGNs) by CVD: The
preparation of 3DGNs was based on our previous work." Briefly, the
nickel foam was annealed at 1000°C for 10 min in a CVD chamber,
which was filled with a mixture of the gases Ar (200 sccm) and H,
(40 sccm). The furnace was then allowed to cool down naturally to
950°C. When the temperature of the furnace was stable, ethanol was
bubbled into the furnace tube with a flow of Ar (10 sccm) for 10 min.
The furnace was then cooled down fast to room temperature at
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a cooling rate of about 100°Cmin !, and 3DGNs coated on Ni foam
were obtained. For the preparation of a 3DGN electrode for LIBs, the
graphene growth time was elongated to 60 min, and the furnace was
allowed to cool down naturally to room temperature. To remove the
Ni foam, the synthesized sample was first dipped into a solution of
poly(methyl methacrylate) (PMMA; 4.5 wt % PMMA with a molec-
ular weight of approximately 996000 in anisole) for several seconds.
After the anisole had evaporated, the PMMA-coated sample was
immersed in the etchant solution (mixture of FeCl; (1 molL™") and
HCI (2 molL™") in water) at 60°C to remove the Ni foam. Finally, the
PMMA coated on the 3DGN was removed by hot acetone vapor and
subsequent annealing at 450°C under Ar (200sccm) and H,
(40 sccm).

Synthesis of ZIF-8/3DGN composites: Prior to the synthesis of
MOF/3DGN composites, the 3DGN was first heated in 69 wt %
HNO; at 80°C overnight. The acid-treated 3DGN was then placed in
a glass bottle, and menthol (1 mL) was added, followed by methanolic
solutions of Zn(NO;), (100 mmolL™!, 0.5mL) and MIM
(100 mmol.~", 1 mL). After 12 h, the ZIF-8/3DGN composite was
picked up with tweezers, rinsed with methanol thoroughly, and dried
in a vacuum oven at room temperature. The growth temperature and
the concentration of the Zn(NO;), and MIM were tuned for the
synthesis of ZIF-8/3DGN composites with various sizes of ZIF-8
coated on the 3DGN.

Synthesis of MIL-88-Fe/3ADGN composites: FeCl; (243 mg) and
H2BDC (166 mg) were first mixed in DMF (10 mL). Acid-treated
3DGN was immersed in the mixture, which was then heated at 100°C
in an oil bath for 12 h. The solution was allowed to cool down
naturally to room temperature, and then the MIL-88-Fe/3DGN
composite was picked up with tweezers, rinsed with ethanol, and dried
in a vacuum oven at room temperature.

Synthesis of metal oxide/3DGN composites: The synthesized
MOF/3DGN composite was placed in the center of a quartz tube and
annealed under Ar protection with a gas flow rate of 250 sccm for 1 h
at 450°C. The annealed MOF/3DGN composite was subsequently
heated in air for 1 h at 380°C to give ZnO/3DGN or Fe,0:;/3DGN.

Photocatalytic degradation of a dye: A suspension of the ZnO/
3DGN composite (1.5 mg) and methylene blue (15mL, 15 mgL™)
was first stirred in the dark for 30 min and then irradiated with a full-
spectrum xenon/mercury—xenon lamp (Hamamatsu Photonics K.K.).
The concentration of methylene blue was calculated according to
Beer’s law on the basis of the absorption peak at 664 nm for
methylene blue by using a UV-1800 UV/Vis spectrophotometer
(Shimadzu).

Lithium-ion-battery measurements: A solution of LiPFg
(1 molL™") in ethylene carbonate/diethyl carbonate (1:1 in volume)
was used as the electrolyte, and pure lithium foil was used as both the
counter and the reference electrode in two-electrode coin cells. The
galvanostatic discharge/charge measurements in the voltage window
of 0.01-3 V were carried out with a Neware battery tester (BTS-
5VSmA, Neware, China). The Fe,O;/3DGN composite was used
directly as the working electrode, without the use of additional
conductive materials or binders. In the control experiment, the Fe,O;
powder obtained by two-step annealing of MIL-88-Fe was used as the
working electrode. To obtain the Fe,O; electrode, a slurry prepared
by mixing the Fe,O; powder with poly(vinylidene fluoride) (PVDF)
binder and conductive carbon black (8:1:1, weight ratio) was coated
on Cu foil and dried in a vacuum oven.

Characterization: The morphologies of the samples were char-
acterized by SEM (Model JSM-7600F, JEOL) and TEM (JSM-2010,
JEOL). Raman spectra were collected with a WITec CRM200 Raman
System (488 nm laser, 2.54 eV, WITec). XRD tests were performed on
an XRD-600 X-ray diffractometer (Shimadzu).
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