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ABSTRACT: Novel two-dimensional (2D) porous metal oxides with micro-/nanoarchitecture have been successfully fabricated
using graphene oxide (GO) as a typical sacrificial template. GO as a 2D template ensures that the growth and fusion of metal
oxides nanoparticles is restricted in the 2D plane. A series of metal oxides (NiO, Fe,0;, Co;0, Mn,0;, and NiFe,0,) with
similar nanostructure were investigated using this simple method. Some of these special nanostructured materials, such as NiO,
when being used as anode for lithium-ion batteries, can exhibit high specific capacity, good rate performance, and cycling stability.
Importantly, this strategy of creating a 2D porous micro/nano architecture can be easily extended to controllably synthesize
other binary/polynary metal oxides nanostructures for lithium-ion batteries or other applications.
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1. INTRODUCTION

Metal oxides (MOs) belong to an important class of functional
materials for various applications."™ In particular, MOs and
their assemblies have been widely utilized in all kinds of
fundamental research and technological applications due to
their unique properties and potential for desired nanostruc-
tures.””” Over the past decades, nanostructured MOs have
undergone a booming development. It is well-known that the
size, morphology, and structure of nanomaterials significantly
influence their physical and chemical properties and their
applications.® ' Micro-/nanostructures, where the particles are
typically of micro-/submicrometer dimensions but internally
consist of nanobuilding units, are of great significance to
advance the practical applications.'’ The unique micro-/
nanostructures with hierarchical architecture can endow MOs
with exceptional merits from both nanosized building blocks
and micro-/submicrometer assemblies. Many efforts have been
devoted to the controlled synthesis of various micro/nano MOs
with different nanostructures, which have demonstrated great
potential of micro-/nanostructures in various application
fields."*'* However, a tremendous amount of works are
needed to explore novel micro-/nanomaterials to further
improve their performance for wider and more challenging
applications, such as energy storage, catalysis, and chemical
sensing.
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Graphene, a single layer of sp>-bonded carbon atoms, is an
intriguing two-dimensional material and has attracted much
attention mainly due to its outstanding physical and chemical
properties.">™'” Graphene oxide (GO), which can be obtained
easily by oxidizing graphite powders, is often adopted as the
precursor to prepare %ragphene and also has the same two-
dimensional structure.""® More importantly, there are plenty
of oxygen-containing functional groups on the basal plane and
edge of GO, which are active sites for chemical reaction with
various substances. In numerous previous studies, GO was
often used as a substrate to load various active materials to
fabricate different functional materials because of its high
surface area and relatively high conductivity after being
reduced. Relatively little attention has been paid to investigate
the framework substitution of GO.*

In this work, we have successfully realized the preparation of
novel two-dimensional porous micro/nano (2D-PM) MOs, in
which MO nanoparticles connect each other in the two-
dimensional plane to form a sheetlike microstructure with
plenty of nanosized pores, by using GO as a two-dimensional
sacrificial template. The unique architecture offers the MOs
high specific capacity and excellent rate capability and cycling
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Figure 1. Schematic illustration for the synthesis of the 2D-PM MO.
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Figure 2. Low-magnification and high-magnification (inset) SEM image (a) and XRD pattern (b) of the 2D-PM NiO. The low-magnification (inset)
and high-magnification TEM image (c) and high-resolution TEM image (d) of 2D-PM NiO; the inset of (d) shows the SAED pattern.

stability for use as anode materials in lithium-ion batteries
(LIBs).

2. EXPERIMENTAL SECTION

2.1. Preparation of 2D-PM MOs. GO was synthesized using a
modified Hummer’s method.*" To prepare 2D-PM NiO structure,
nickel nitrate hexahydrate of the desired ratio was dissolved in 20 mL
of deionized water and then 20 mL of GO solution (4 mg mL™") was
added under vigorous stirring. The mass ratio of GO/Ni was 10/1.
After sonication, the final solution was frozen in a fridge (—18 °C),
transferred into freeze-drying equipment, and evaporated in vacuum at
the temperature below 0 °C for 2 days. The dry mixture power was
heated from room temperature to 600 °C at a rate of 10 °C min™" in a
tube furnace and held at this temperature for 3 h under air to obtain
the brown powder NiO. The mass ratio of GO/Ni, holding time, and
annealing temperature were adjusted in our experiments.

To prepare other 2D-PM MOs, iron(Il) nitrate nonahydrate,
cobalt(II) nitrate, and manganous nitrate instead of nickel nitrate were
used with the same procedure, respectively. For preparation of binary
transition-metal oxide NiFe,O,, iron(IIl) nitrate and nickel nitrate
need to be mixed first with desired ratio.

2.2. Sample Characterization. Power X-ray diffraction (XRD)
patterns were recorded on an AXS D8 Advance diffractometer with Cu
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Ka radiation. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images were acquired using a field
emission SEM (S-4800, Hitachi) and an FEI Tecnai G2 F20 TEM,
respectively.

2.3. Electrochemical Measurement. The electrochemical
properties of the 2D-PM NiO electrodes were measured with
CR2032 coin cells. First, the paste was prepared by mixing active
material and Super P (SP) with poly(vinylidene fluoride) (PVDF) in
N-methyl-2-pyrrolidinone solution. The weight ratio of active
material:SP:PVDF was 80:10:10, and then the paste was coated on
Cu foil and dried at 100 °C for 24 h in vacuum. After that, the
resultant film was punched into 13 mm diameter discs as anode. Last,
the coin cells were assembled in an argon-filled glovebox using
polypropylene film as separator. LiPF, (1 M) dissolved in a mixture of
ethylene carbonate and dimethyl carbonate (1:1, by volume) was
employed as electrolyte. The galvanostatic charge/discharge tests were
carried out within a voltage range of 0.01—3 V on a cell testing system
(LAND CT2001A, China). The cyclic voltammogram (CV) was
performed using the Solartron 1400 cell test system with a scan rate of
0.1 mV s™". All the tests were conducted at constant temperature (25
°C).
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Figure 3. SEM image (a) and XRD pattern (b) of NiO prepared by annealing nickel nitrate at 600 °C in air.
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Figure 4. Electrochemical performance of the 2D-PM NiO anode in LIBs. CV profile (a) and charge/discharge curves (b) of NiO for the first three
cycles at the current density of 50 mA g™'. (c) Rate performance of NiO between 0.01 and 3.0 V with increasing current density. (d) The cycling

performance of the 2D-PM NiO at a current density of 0.2 A g™\

3. RESULTS AND DISCUSSION

As illustrated in Figure 1, the first step to prepare 2D-PM MO
is homogeneous mixing of GO and metal nitrate in solution,
followed by freeze-drying to obtain a solid mixture. The solid
powder was then subjected to thermal treatment in air. During
this process metal nitrate first decomposed to form MO
nanoparticles, and then at high-temperature MO nanoparticles
grow up gradually and connect each other to form porous
micro-/nanoarchitecture. GO template was removed com-
pletely by combustion simultaneously.

In our experiment, NiO was initially selected as the typical
research system. The elemental mapping analysis of the GO
and Ni(NO), solid mixture (see Figure S1 in the Supporting
Information) shows that the whole basal plane of GO sheets
contains a large amount of Ni with a uniform distribution
density besides numerous C and O, evident of homogeneous
scattering of Ni(NO), on the GO surface. After heat treatment,
the obtained NiO shows typical 2D sheetlike morphology as
displayed in Figure 2a and Figure S2, which is quite similar to
the structure of GO, implying that GO plays an important role
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in directing the formation of 2D microstructure of NiO. It is
notable that the NiO sheet is so thin that other sheets under
the surface are also faintly visible. SEM image with a higher
magnification (inset of Figure 2a) indicates that the sheet is not
a dense one, but has plenty of nanosized pores. The XRD
pattern of the NiO is shown in Figure 2b. The diffraction peaks
observed at 26 angles of 37.25° 43.27°, 62.88°, 75.41°, and
79.41° can be indexed to the planes (111), (200), (220), (311),
and (222) of cubic NiO (JCPDS No. 47-1049), respec-
tively.”>** The broad widths of diffraction peaks indicate the
small crystal size of NiO. The mean particle size is calculated to
be ca. 8.5 nm using the Scherrer equation. TEM observation
also reveals the two-dimensional porous micro-/nanostructure
of NiO, as shown in Figure 2c. The low-magnification TEM
image (inset in Figure 2c) confirms the 2D structure of NiO
product with the lateral size of 2—3 pm, consistent with SEM
result. In addition, Figure 2c demonstrates a highly porous
structure formed by a network of NiO nanoparticles with the
average size of ~10 nm which is in agreement with the XRD
result. The high-resolution TEM image of NiO in Figure 2d
shows lattice fringes with interplanar spacing of 0.21 nm
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Figure 5. Charge/discharge curves (a) at 50 mA g™ and rate
performance (b) of NiO with different morphologies.
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Figure 6. XRD patterns of the other metal oxides prepared with the
same strategy.

corresponding to the (200) lattice plane. The selected area
electron diffraction (SAED) pattern as an inset image in Figure
2d is in good agreement with the XRD pattern and
demonstrates a polycrystalline structure of NiO. Therefore, in
the present work we have successfully synthesized the 2D-PM
NiO architecture, in which NiO nanoparticles with uniform size
connect each other to form a micro/submicrometer scale sheet
in the two-dimensional plane. More importantly, this kind of
2D-PM NiO has plenty of pores with even distribution, which
is very helpful for ion diffusion and buffering the volume
change during the charge/discharge process. Given these, the
2D-PM MOs may exhibit good electrochemical performance,
which will be demonstrated later by testing 2D-PM NiO
electrode.

To demonstrate the important role of the GO, nickel nitrate
without mixing with GO was annealed merely in air for
comparison. As shown in Figure 3a, no 2D sheetlike structure is
observed. Instead, a mixture of submicrometer NiO particles
with octahedron morphology and nonuniform NiO nano-
particles are obtained. The narrow diffraction peaks of the

sample (Figure 3b) also indicate large crystal size, consistent
with the SEM result. Furthermore, a series of experiments with
varied reaction conditions were carried out to investigate the
formation mechanism of the 2D-PM NiO. As shown in Figure
S3, the mass ratio of GO/Ni was found to be critical to the
structure of the 2D-PM NiO. The GO/Ni ratio of 10/1 is
believed to be optimal to obtain uniform micro-/nano-
architecture. Raising the Ni content to the GO/Ni ratio of 5/
1 results in large Ni nanoparticles with less uniform size
distribution, while less Ni content (GO/Ni of 15/1 and 20/1)
gives rise to severe agglomeration of Ni nanoparticles. In
addition, by lengthening the heating time from 1 to 3 h, the size
of the NiO nanopaticles increases gradually from ~6 to ~10
nm (see Figure S4 in the Supporting Information). However,
the size of the nanoparticles remains almost identical when
further prolonging the heating time from 3 to 12 h. Moreover,
the heating temperature is also a crucial factor to the final
structure of the material. It can be observed that the
morphologies of the obtained samples heated at different
temperatures differ sharply (see Figure SS). The two-dimen-
sional porous structure of NiO remains well at 500 and 600 °C.
But the micro-/nanostructure is destroyed when the temper-
ature is increased to 700 and 800 °C since adjacent NiO
nanoparticles fuse and grow rapidly to large particles at such
high temperatures. Therefore, on the basis of the above
experimental results, there is no doubt in reaching the
conclusion that GO plays a crucial role in preparation of
MOs with two-dimensional porous micro-/nanoarchitecture.
First, the abundant oxygen-containing groups of GO make
uniform distribution of metal nitrate on the surface of GO,
which is an essential step. During the decomposition of metal
nitrate and formation of MO nanoparticles at high temper-
atures, GO can provide a two-dimensional template, ensuring
that the growth and fusion of MO nanoparticles is restricted in
the two-dimensional plane. Certainly, appropriate mass ratio of
GO/Ni and annealing temperature are required to obtain even
distribution and uniform size of the MO nanoparticles, as well
as to control the fusion of adjacent nanoparticles to form
homogeneous porous structure.

The lithium-storage properties of as-prepared 2D-PM NiO
were investigated. Figure 4a shows the first three consecutive
CVs over a potential range from 0.01 to 3.0 V at a scan rate of
0.1 mV s™% It is obvious that there are significant differences
between the first scan and the subsequent scans. In the first
cycle, a major reduction peak locating at around 0.4 V is
observed, which corresponds to the initial reduction of Ni** to
Ni’ and the formation of a partially reversible solid electrolyte
interface (SEI) layer.”**® This peak becomes broader and
weaker, and shifts to about 1.0 V in the second and third cycles.
The two oxidation peaks locating at 1.47 and 2.24 V can be
ascribed to the formation of NiO and the decomposition of
SEI, respectively.”**” The CV curves become identical after two
cycles, indicating the reversible electrochemical process since
the second cycle. The charge/discharge studies were also
performed galvanostatically for porous NiO. Figure 4b shows
the typical initial three charge/discharge curves at a current
density of 50 mA g~" within a voltage window of 0.01—3.0 V. In
the first discharge process, the constant plateau between 0.66
and 0.35 V indicates the conversion reaction of NiO to Ni and
the electrolyte decomposition, which is in good agreement with
the CV analysis. With the benefits of the two-dimensional
porous micro-/nanostructure, the first discharge and charge
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Figure 7. High-magnification and low-magnification (inset) SEM images of the other transition-metal oxides. (a) Fe,0;, (b) Co;0,, (c) Mn;0,, and

(d) NiFe,0,. The scale bar is 500 nm.

specific capacity is as high as 1850 and 1340 mA h g,
respectively.

To further evaluate the rate performance of the 2D-PM NiO,
charge/discharge cycling tests were performed under various
current densities of up to 2 A g™ (28 C,1C =718 mAhg™')
as summarized in Figure 4c. The initial discharge and charge
capacity at a low current density of 0.1 A g™" are as high as 1810
and 1311 mA h g7', respectively. It can be found that the
capacities decrease as the cycling current rates increase.
Importantly, the capacity of NiO still maintains about 200
mA h g™' even at a high current density of 2 A g”'. When the
current was brought down to 0.2 A g™" after 25 cycles, a stable
reversible capacity of 905 mA h g™' could be recovered. The
results indicate that the as-prepared 2D-PM NiO can tolerate
high current charge/discharge cycling. The capacity versus cycle
number at a current density of 0.2 A g”" is shown in Figure 4d.
It is notable that the specific capacity is relatively stable before
the 20th cycles and no conspicuous capacity loss was observed.
Although the capacity gradually fades afterward, the discharge
and charge capacities of the NiO electrode still remain as high
as 568 and 544 mA h g™! in the 50th cycle, exhibiting excellent
capacity retention capability.

In addition, three typical samples were chosen to investigate
the effects of morphology on the electrochemical performances.
The first sample is 2D-PM NiO prepared with the optimal
condition, i.e., calcinated at 600 °C with the GO/Ni ratio of
10/1. The second was calcinated at 600 °C with the ratio of
20/1, and the third was calcinated at 800 °C with the ratio of
10/1. Three samples are denoted as NiO-611, NiO-621, and
NiO-811, respectively, for convenience. The morphology and
nanostructure of the three samples are notably different (Figure
S3b for NiO-611, Figure S3d for NiO-621, and Figure S5d for
NiO-811). The size of NiO increases from ~10 to ~200 nm
through altering the synthesis condition. In addition, the three
samples also exhibit significantly different electrochemical
performances as depicted in Figure S. At the current density
of 50 mA g~', the first discharge and charge capacities are

1117.9 and 663 mAh g~' for the NiO-811 sample, whereas the
corresponding capacities for NiO-621 are 1216.4 and 879.2 mA
h ¢!, respectively. Both samples show much lower capacities
than those of NiO-611, demonstrating that the smaller size of
NiO is favorable to deliver higher capacities. The result is
consistent with the previous study.”® Moreover, the NiO-611
sample shows superior rate performance. At all current density,
the capacity of NiO-611 is always higher than that of NiO-621
and NiO-811. With increasing current density from 0.1 to 2 A
g™, the capacity of NiO-811 decreases from 505 to SO mA h
g™!, corresponding to a capacity retention of 10%, and the
capacity of NiO-621 decreases from 698 to 119 mA h ¢! (17%
capacity retention). However, the capacity of NiO-611
decreases from 1052 to 200 mA h g™', corresponding to
improved capacity retention of 19%. From the above results, it
can be concluded that rational design of the nanostructure of
MOs by tuning the reaction conditions is necessary for seeking
high electrochemical performance.

According to the results above, the electrochemical perform-
ance of the 2D-PM NiO is better compared to the reported
performance of NiO with nanostructures such as nanotuble,”
net structure,”® microsphere,>’ and nanopowder.*> The
enhancement should be credited to the porous micro-/
nanoarchitecture with two-dimensional features. As identified
by SEM and TEM analysis, the two-dimensional NiO sheets
consist of numerous small nanoparticles and plenty of pores.
During the charge/discharge process, Li* is able to diffuse easily
and react with single NiO nanoparticle through the pores.
Furthermore, the abundant pores between the nanoparticles
can provide structural flexibility for volume change.

Besides NiO, some other MOs with similar structure were
also successfully prepared via the same procedure. The XRD
patterns of the obtained samples (Figure 6) can be indexed to
Fe,0; (JCPDS No. 33-0664),> cubic spinel Co;0, (JCPDS
No. 43-1003),* and cubic Mn,0; (JCPDS No. 41-1442),*
respectively. It is worth noting that the binary transition-metal
oxide spinel NiFe,0, (JCPDS No. 10-0325)* can also be
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obtained. Figure 7 illustrates the typical morphologies of these
samples. As expected, from the low-magnification SEM images
(inset in each image), their morphologies are similar to the 2D-
PM NiO, all maintaining the sheetlike structure of GO.
Nevertheless, from the high-magnification SEM images, there
are still some differences between these materials. The
nanoparticles of Fe,O; and Co;0, are very similar and the
average size of the two is 120 and 70 nm, respectively. The
nanoparticles of the Mn,O; are relatively large and fuse with
each other to form coral-like structure. The size of the NiFe,O,
nanoparticles (~15 nm) is the smallest. The size of MOs
particles may be related to the different activity of MOs at high
temperature. The above results indicate that this strategy is also
suitable for preparation of other MOs including binary MOs.

4. CONCLUSIONS

When GO was adopted as a structural templating agent, novel
two-dimensional porous metal oxides with micro-/nano-
architecture have been successfully prepared for the first time.
GO was chosen as the typical two-dimensional template due to
its unique structure and abundant oxygen functional groups.
The novel nanostructure of as-prepared 2D-PM NiO, when
applied as a LIBs anode material, exhibits a very high specific
capacity and improved rate performance as well as cyclic
stability. Meanwhile, a series of metal oxides (Fe,O;, Co;0,,
Mn,0;, and NiFe,O,) with the similar nanostructure were
investigated using the same method. Thus, this strategy of
creating a 2D porous micro-/nanoarchitecture can be easily
extended to synthesize other binary/polynary metal oxides
nanostructures for LIBs or other applications.
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Experimental details, element mapping analysis of a mixture of
GO and nickel nitrate, and SEM images of 2D-PM NiO
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