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A unique ultrathin porous NiO nanosheets/graphene hierarchical
structure is successfully fabricated via a facile, effective, and general
strategy. The advantageous combination of conducting and flexible
graphene and porous and ultrathin NiO nanosheets endows the
obtained hybrid with a remarkable lithium-storage performance,
including high reversible capacity, good rate capability and cycle
performance.

The ever-growing demand for large-scale energy storage applications
such as alternative energy and electric transportation has triggered
significant research efforts on high-energy and power-density lithium-
ion batteries (LIBs).! There is a general consensus that the break-
through of energy density necessarily requires passage from classical
intercalation reactions to conversion reactions.? However, even after
a decade of intensive efforts, the terrible capacity degradation still
greatly hampers the application of conversion-based materials.'*?>3
On the other hand, for achieving a high power density, although
many strategies such as downsizing the electrode materials to nano-
scale, coating or mixing with more conductive materials, and doping
with foreign atoms have been developed to obtain rapid ionic and
electronic diffusion in electrode materials, these methods suffer from
more or less severe drawbacks such as poor cycling stability and the
requirement of a high percentage of carbon black.* Therefore, there is
an urgent need to simultaneously improve cycling stability, energy-
and power-density of LIBs.

Nickel oxide (NiO), as one of the most important family of
functional inorganic materials, has numerous applications in the field
of catalysis,™ gas sensors,*® magnetic materials,> as well as promising
anode materials># for LIBs due to its abundance, low cost, and high
theoretical capacity (717 mA h g~ '). However, like other conversion-
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based anode materials, its implementation to LIBs is greatly hindered
by its poor cycling and rate performances.® To circumvent these
obstacles, one of the most promising strategies is to construct hybrid
materials with fascinating graphene,® possessing high surface area,
superior electrical conductivity and excellent mechanical flexibility.”
Unfortunately, the electroactive nanoparticles (NPs) are still prone to
aggregation upon cycling because of non-intimate contact between
graphene layers and the electroactive NPs, which would lead to
a serious decrease in capacity of the metal oxide/graphene compos-
ites.® Therefore, development of a facile and general strategy to
substantially enhance the cycling stability and rate performance of
metal oxide is of great importance.

In contrast to small and isolated 0D spherical NPs, when elec-
troactive materials are in large area 2D, ultrathin and porous nano-
sheets structure and successfully self-assembled with graphene sheets
(GNS), the relative immobility and facile strain relaxation of large
area 2D structure would greatly alleviate the aggregation of electro-
active materials, and moreover, the ultrathin and porous structure
would improve the structural stability against volume expansion,
which would theoretically benefit the cycling stability. Even more
important, the unique hierarchical structure could also offer
substantial improvement in power and energy density over bulk
electrodes stemming from the following advantages: (1) the 2D
geometry together with the ultrathin and porous structure would
offer sufficient contact interface between active materials and elec-
trolytes; (2) the ultrathin and porous structure is of benefit to fast Li*
transfer; (3) the large area of conducting graphene offers continuous
and fast conducting pathways for electrons through the electrodes.
Although assembly of 0D spherical NPs with graphene has been
widely shown,**#** there are few reports on active materials with
different morphologies such as 2D morphology,”° to say nothing of
with ultrathin porous nanosheets structure. Thereafter, it remains
unexplored and highly desirable to develop a facile and effective
strategy to fabricate ultrathin porous NiO nanosheets/graphene
(NiO/GNS) hierarchical structure to achieve excellent lithium
storage, cycling and rate performance.

Herein, a unique NiO/GNS hierarchical structure is successfully
prepared by a facile, effective, and general route. The advantageous
combination of ultrathin, porous and large area 2D structure and
conductive graphene endows the as-prepared hierarchical structure
a good performance of stable and high reversible discharge capacity
up to 1098 mA h g ' even after 50 cycles at a current density of
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Scheme 1 Illustration of the procedures for preparation of NiO/GNS
hierarchical structure.
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100 mA g', and a good rate capability of 615 mA h g! at a high
current density of 4 A g~', which opens up new opportunities in the
development of high performance next-generation LIBs.

The formation procedures of NiO/GNS hierarchical structure are
illustrated in Scheme 1. Briefly, a hydrothermal process is proposed to
synthesize self-assembled ultrathin NiO precursor, wherein ethylene
glycol is employed as a structure directing agent. Then the obtained
NiO precursor is thermally decomposed to porous NiO through
sintering in air. The NiO/GNS hierarchical structure is prepared by
electrostatic interaction between positively charged NiO nanosheets
and negatively charged graphene oxide in aqueous solution with a pH
= 4 and then sintering in Ar gas atmosphere (Fig. S1, ESIf). The
NiO/GNS hierarchical structure is stable, possibly due to the inter-
molecular force of NiO and GNS instead of the chemical bond
(Fig. S2+). It should be noted that the size of the employed graphene
oxide should cover the range from the nanoscale to microscale, which
is of critical importance for our strategy to ensure that both the self-
assembled NiO and its corresponding nanosheet can be effectively
covered or supported by graphene oxide (Fig. S3ct). Importantly,
almost all the NiO and graphene oxide are fully assembled to leave an
almost transparent aqueous solution (Fig. S47).

Fig. 1 shows the X-ray diffraction (XRD) pattern of the obtained
products. The as-prepared NiO precursor (trace a) can be reasonably
assigned to NiO;45C074Ng25H2.00."° After sintering at 500 °C in air,
the XRD pattern changes significantly and all the diffraction peaks
can be referenced to a face-centered cubic unit cell with lattice constant
a=4.1946 A (trace b). The 26 values of 37.092°, 43.095°, 62.584°,
75.042° and 79.008° can be indexed to diffractions of (111), (200),
(220), (311), and (222) planes of NiO, respectively (PDF #65-2901). It
should be noted that the crystallinity of NiO/GNS (trace ¢) becomes
better due to further sintering in Ar gas employed to reduce graphene-
oxide to graphene.¥ Remarkably, no conventional stacking peak of

a: Ni02,.45C0.74N0.25H2.90
b: NiO
c¢: NiO@GNS

Intensi

Fig. 1 XRD patterns of (a) NiO; 45C.74No.25H2.90, (b) NiO nanosheets,
and (c¢) NiO/GNS hierarchical structure.

graphene sheets at 26 = 26.68° is detected. Furthermore, as mentioned
above, the aqueous solution after assembly is near transparent
(Fig. S4t). Thus we can reasonably conclude that almost all the gra-
phene oxide sheets are successfully assembled with NiO, highlighting
the efficiency of our proposed strategy. The mass ratio of graphene to
NiO in NiO/GNS is determined by thermogravimetric analysis, which
turns out to be 13 wt% graphene and 87 wt% NiO (Fig. S57).

The morphology and structure of NiO precursor, NiO, and NiO/
GNS hierarchical structure are compared by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). It
can be found that the as-synthesized NiO precursor shows a self-
assembled porous structure (Fig. 2a) which is composed of ultrathin
nanosheets (less than 6 nm, Fig. S3at) with smooth surface (Fig. 2c).
Interestingly, after sintering, the ultrathin structure and interspace of
self-assembled framework are well maintained (Fig. 2b and S3bt),
while the surface of obtained NiO becomes rough (Fig. 2d). The
surface area of the obtained NiO is 59.2 m* g~' (Fig. S7at). The
magnified TEM image of NiO shows that some favourable hexag-
onal holes with typical diameters of 15-50 nm formed in the obtained
NiO nanosheets (Fig. 2¢ and S67). The formation of the hole might
be due to the following process. First, ethylene glycol likely plays
a critical role as a structure-directing agent to form the defects and
sheetlike structure. Then the highly crystallized nickel oxide precursor
decomposes and transforms into NiO nanosheets during calcination,
and the high reaction/etching rate at the defect sites in the NiO
precursor nanosheets leads to the formation of hexagonal holes.*
Thanks to the favourable electrostatic interaction (Fig. S17), the

Fig.2 (aand b) SEM images of NiO precursor and NiO, (c and d) TEM
images of NiO precursor and NiO, (e) magnified TEM image of NiO and
(f) TEM image of NiO/GNS.
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Fig. 3 TEM (a) and EDS characterization of NiO/GNS hierarchical
structure: (b) nickel, (c) oxygen, and (d) carbon mapping of the orange
boxed region shown in (a).

intimate interaction of NiO nanosheets and graphene oxide
(Fig. S8at) would endow the complete and full combination of NiO
and GNS to form NiO/GNS hierarchical structure, which is
confirmed by the XRD result (vide supra) and no graphite particle can
be found in the sample (Fig. S8b¥). The surface area of the obtained
NiO/GNS is 43 m? g~'. The existence of GNS can be determined by
the graphene structure with few layers observed on the edge of the
sample (arrow area in Fig. 2f). The physical and textural properties of
all samples can be seen in Table S1+.

To further confirm the hierarchical structure of NiO/GNS,
dispersive spectroscopic (EDS) mapping is employed (Fig. 3 and S9+).
As expected, the existence and distribution of Ni (Fig. 3b), O (Fig. 3c)
and C (Fig. 3d) unanimously confirm the intimate coexistence of
graphene and NiO (Fig. 3a). This favorable structure could be helpful
for preventing aggregation or restacking of graphene nanosheets and
ultrathin porous NiO nanosheets upon cycling. Moreover, as an ideal
electron conductor, graphene would play an important role as
a conductive network within the electrode, which would benefit the
electrochemical performance (vide infra). In addition, the purple
circled region in Fig. 3a shows a hexagonal structure without Ni
distribution, confirming again the existence of hexagonal holes.

Coin cells with a metallic lithium anode are assembled to investi-
gate the electrochemical performance of the NiO and NiO/GNS
composite. Strikingly, a large specific discharge capacity of 1398 mA
h g~' and a reversible capacity of 982 mA h g~! are achieved for NiO/
GNS (Fig. 4a) at a current density of 100 mA g~' (0.14 C), which
represents almost four times that of the gravimetric capacity
(372 mAh g') of the state-of-the-art graphite materials and thus
greatly expands the range of anode choices. An irreversible capacity
of 416 mA h g~! during the first discharge/charge process might be
attributed to the formation of the solid electrolyte interface (SEI) film
at the electrode/electrolyte interface and the reaction of residual
oxygen-containing functional groups on graphene with lithium ions.
It should be pointed out that the coulombic efficiencies (Fig. 4c)
increase to almost unity at successive cycles, indicating that the
formed SEI during the first cycle is favourable and stable. For
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Fig. 4 (a) Galvanostatic charge/discharge profiles of NiO/GNS and (b)

NiO nanosheets, (¢) cycling performance of NiO/GNS and NiO at

a current density of 100 mA g~' (0.14 C), and (d) reversible capacity vs.

current density (rate capability) for NiIO/GNS and NiO. All the half-cells

were cycled in the potential window from 0.01 to 3.0 V.

comparison, bare NiO nanosheets are also tested under the same
electrochemical conditions (Fig. 4b). Although the initial discharge
capacity (1515 mA h g') is higher than that of NiO/GNS, its
columbic efficiency (65%) is lower than that of NiO/GNS (71%). The
fact that the capacity of NiO is higher than that of NiO/GNS for the
1** cycle is caused by the much lower capacity of graphene compared
to NiO (Fig. S107). The cyclic voltammetry (CV) is employed to
clarify the energy storage redox mechanism of the NiO/GNS
composite (Fig. S11a and bt). After 50 cycles (Fig. 4c), the reversible
capacity of NiO decreases to only 145 mA h g~!, which is more than
seven times lower than that of the devices fabricated by the NiO/GNS
electrode (1098 mA h g'). In addition, the reversible retention
capacity of the NiO/GNS electrode (112%) after 50 cycles is much
higher than that of the NiO electrode (15%). The inferior cycling
performance of bare NiO should be caused by its large volume
changes, poor electric conductivity and aggregation of NiO. In
contrast, in the NiO/GNS hierarchical structure, the excellent flexi-
bility and conductivity of graphene can not only buffer the volume
change but also prevent the aggregation of active materials from
disconnecting the current collector.

Fig. 4d demonstrates the rate capability of NiO and NiO/GNS
electrodes from current densities of 0.1 A g' (0.14 C)to 4 A g!
(5.6 C) for five cycles at each current density. At the low current
density (0.14 C), the capacities of NiO and NiO/GNS are comparable
and NiO is even a little advantageous. However, this situation
reverses when the current density is increased. For example, in the
current density of 5.6 C, the NiO/GNS composite is still able to
deliver a discharge capacity of 615 mA h g~!, which is much higher
than that of NiO (165 mA h g~"). The improved rate performance of
the NiO/GNS hybrid could be reasonably attributed to advantageous
combination of the highly conductive graphene and ultrathin and
porous structure of NiO, which provides a sufficient electrode/elec-
trolyte contact area and facilitates continuous and fast conducting
pathways for electrons through the electrodes during the lithiation/
delithiation process. The greatly improved electrical conductivity of
NiO/GNS composites compared to that of NiO is shown in Table
S1T. Meanwhile, the electrochemical impedance spectra of NiO and
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NiO/GNS composites also confirmed that the assembly with gra-
phene largely improves the electrochemical activity of the as-obtained
NiO (Fig. Sllct).

In summary, we have demonstrated a facile, effective and general
strategy to successfully fabricate ultrathin porous NiO/GNS hierar-
chical structure. Interesting, in contrast to bare NiO, the as-prepared
NiO/GNS composite shows a significantly improved cycle life and
rate capacity than that of the bare NiO, which is primarily attributed
to the advantageous combination of conducting graphene and
ultrathin and porous NiO, highlighting the effectiveness and value of
our proposed protocol. The obtained good performance opens up
new opportunities in the development of high performance next-
generation LIB used for alternative energy and electric transportation.
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The Chinese Academy of Sciences, National Natural Science Foun-
dation of China (grant no. 21101147), and the Jilin Province Science
and Technology Development Program (grant no. 20100102 and
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